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ABSTRACT 


A T-tail  flutter  model  was  designed,  built  and  tested  ty  personnel 
of  Southwest  Research  Institute,  San  Antonio,  Texas.  Wind  tunnel  tests 
were  conducted  at  the  Wright  Air  Development  Center  20  Foot  Wind  Tunnel 
during  May  and  June,  1952 . 

The  stabilizer  of  the  model  could  be  located  at  six  different  posi- 
tions on  the  fin:  three  different  chordwise  points  at  each  of  two  dif- 
ferent spanwise  stations 0 The  stabilizer  rocking  frequency,  fuselage 
side  bending  and  torsional  frequencies,  and  rudder  rotational  frequency 
could  all  be  varied,.  Tests  involving  various  combinations  of  these  four 
degrees  of  freedom  as  well  as  fin  bending  and  torsion  were  conducted  for 
various  stabilizer  locations . The  stabilizer  could  be  replaced  by  stream- 
lined weights  which  simulated  the  stabilizer  in  weight,  yawing  moment  of 
inertia  and  center  of  gravity  location  but  not  in  roll  inertia 0 

Theoretical  flutter  analyses  were  conducted  for  six  different  model 
configurations  with  the  number  of  degrees  of  freedom  involved  ranging 
from  two  to  four„  No  aspect  ratio  corrections  were  employed  in  the 
analyse So 

Results  indicate  that  for  a constant  fin  bending  to  fin  torsion 
frequency  ratio  the  critical  nondimensional  velocity  ratio, y V/bx££)yt 
for  T-tails  is  relatively  independent  of  stabilizer  fore  and  aft  lo- 
cations in  the  range  of  chordwise  locations  tested 0 Also  for  a con- 
stant fin  bending  to  fin  torsion  frequency  ratio,  the  T-tail  with 
stabilizer  located  at  the  $8%  fin  span  has  a more  critical  V/Br6t)/ 
than  when  the  stabilizer  is  located  at  the  fin  tip„  Stabilizer 
stiffness  in  roll  relative  to  the  fin  has  a negligible  effect  on  the 
critical  nondimensional  velocity  ratio,  V/fe rC0/  , over  the  range 
tested.  Reducing  the  fuselage  stiffness  in  side  bending  and  torsion 
results  generally  in  a decreased  critical  nondimensional  velocity 
ratio,  V/Br  cOf  0 

For  constant  or  fixed  fin  torsion  and  bending  stiffnesses  the  criti- 
cal flutter  speed, V,  for  T-tails  decreases  appreciably  as  the  stabi- 
lizer position  is  changed  from  8 to  \\8%  of  the  fin  chord  aft  of  the 
fin  elastic  axis,  and  increases  appreciably  when  the  stabilizer  posi- 
tion is  changed  from  the  fin  tip  to  the  5 8 % fin  span  location. 
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Y 
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Lateral  displacement  of  fin  elastic  axis,  positive  to  right  on 
inverted  model  looking  forward  - in. 

Lateral  displacement  of  fin  elastic  axis  at  fin  tip,  positive 
to  right  on  inverted  model  looking  forward  - in. 

Slope  of  fin  bending  curve. 

(b  h \ - Tip  slope  of  fin  bending  curve. 

^SF/  L 

Rotation  about  fin  elastic  axis  in  plane  perpendicular  to  fin 
elastic  axis,  positive  counterclockwise  looking  from  root  to 
tip  - radians. 

Rotation  about  fin  elastic  axis  at  fin  tip  in  plane  perpendi- 
cular to  fin  elastic  axis,  positive  counterclockwise  looking 
from  root  to  tip  - radians. 

Fuselage  rotation  about  vertical  axis  through  flexure  beam 
£ , positive  counterclockwise  looking  from  fin  root  to  tip- 
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h 
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Fuselage  rotation  about  axis  through  flexure  beam  longitudinal 
, positive  counterclockwise  looking  forward  - radians. 


Rudder  rotation  about  rudder  hinge  line,  positive  counterclock- 
wise looking  from  fin  root  to  tip  - radians. 


Stabilizer  rotation  about  axis  parallel  to  fuselage  £ and  at 
stabilizer  £ , positive  counterclockwise  looking  forward  - 
radians. 


/ ^ cos -A. 


F “ h'L 
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- radians 
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Distance,  parallel  to  fuselage  center  line,  from  center  of 
flexure  beam  to  fin  elastic  axis  at  fin  tip  - in. 

Fin-rudder  combination  mass  per  unit  length  along  fin  elastic 
axis  - lb  sec ^ 
in,2 

Mass  per  unit  area  = lb  sec2 

in,  3' 

Total  mass  of  fin-rudder  combination  - lb  sec2 

Ini 

Total  mass  of  stabilizer  (both  sides)  - lb  sec2 

Ini 


Fin-rudder  combination  static  unbalance  about  fin  elastic  axis, 
per  unit  length  along  fin  elastic  axis  - lb  ine  sec2 

in,^ 


Total  stabilizer  static  unbalance  about  a vertical  axis  through 
fin  elastic  axis  trace  at  fin  tip  (=MRr)  - lb  in0  sec2 

in. 


Fin-rudder  moment  of  inertia  about  fin  elastic  axis,  per  unit 
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Total  yawing  moment  of  inertia  of  stabilizer  about  a vertical  axis 

through  fin  elastic  axis  trace  at  fin  tip  (*I  +M  r2)  - lb  in.2sec2 

* yaw  s ' . — 
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Isx  Total  moment  of  inertia  of  stabilizer  about  a vertical  axis 

through  flexure  beam  center  line  (“Iyaw+Mg(Y.t.+r)2)  - lb  in0^sec^ 

iru 

I^x  Total  moment  of  inertia  of  fuselage  about  a vertical  axis  through 
flexure  beam  center  line  — lb  iri„^  sec^ 

iifu 

1^  Total  moment  of  inertia  of  fuselage  about  a horizontal  axis  through 
flexure  beam  center  line  - lb  in0^  sec^ 

Iru 

Tp  Total  fin-rudder  combination  kinetic  energy  - lb  in0 

Ts  Total  stabilizer  kinetic  energy  — lb  in0 

Tpyg  Total  fuselage  kinetic  energy  - lb  in0 

T •^F+^s+‘*'F[JS  " Total  kinetic  energy  in  system  - lb  in„ 

Wi  Work  done  or  potential  energy  in  i degree  of  freedom  by  virtue 
of  air  forces  - lb  in. 

&i  -(*$)  2 a + Jg±) 

Generalized  coordinate  describing  motion  in  i degree  of  freedom 

4i  d <& 

dt 

Generalized  force  in  i degree  of  freedom „ 

Natural  '•circular”  uncoupled  frequency  of  fin  in  bending  about  an 
axis  perpendicular  to  the  fin  elastic  axis  in  the  fin  chord  plane 
and  includes  the  effects  of  the  rigid  stabilizer  yawing  and  rolling 
moments  of  inertia  - radians  per  second  or  cycles  per  minute 0 

00  y Natural  "’circular”'  uncoupled  frequency  of  fin  in  torsion  about  the 

fin  elastic  axis  (chord  planes  perpendicular  to  the  fin  elastic 
axis)  and  includes  the  effects  of  the  rigid  stabilizer  yawing 
and  rolling  moments  of  inertia  - radians  per  second  or  cycles  per 
minute  0 

cOy  Natural  "circular"  uncoupled  frequency  of  rigid  stabilizer  rocking  on 
rigid  fin  about  an  axis  parallel  to  the  fuselage  center  line  - radians 
per  second  or  cycles  per  minute 0 

Natural  "’circular"  uncoupled  frequency  of  fuselage  plus  rigid  em- 
pennage in  side  bending  about  a vertical  axis  through  center  line 
of  the  fuselage  flexure  beam-radians  per  second  or  cycles  per  minute „ 

CO&  Natural  "circular"  uncoupled  frequency  of  fuselage  plus  rigid  em- 
pennage in  torsion  about  the  longitudinal  axis  through  the  center  line 
of  the  fuselage  flexure  beam  - radians  per  second  or  cycles  per  minute 0 
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SUMMARY 


flutter  characterisitics  of  a T-tail  flutter  model  having  variable 
stabilizer  locations  as  well  as  variable  stiffnesses  in  the  stabilizer 
rocking,  fuselage  side  bending,  fuselage  torsion  and  rudder  rotation 
degrees  of  freedom  are  presented,.  Both  fin  and  stabilizer  were  swept- 
back  and  tapered,,  The  stabilizer  could  be  replaced  by  equivalent  weights 
in  order  to  eliminate  stabilizer  aerodynamic  damping,,  Although  mass,  static 
unbalance  and  yaw  inertia  conditions  were  satisfied,  the  roll  in- 
ertia condition  was  not  simulated,,  Detailed  descriptions  of  all  aspects 
of  the  tests  and  calculations  conducted  are  included „ 

The  following  results  are  contained  herein; 

1„  Tabular  results  of  all  wind  tunnel  tests „ 

2„  Graphical  results  of  wind  tunnel  tests  and  calculations 
showing  the  effect  of  stabilizer  location  on  the  flutter 
parameters „ 

3o  Graphical  results  of  wind  tunnel  tests  and  calculations 
showing  the  effect  of  stabilizer  rocking  frequency  on 
the  flutter  parameters 0 

lio  Calculated  flutter  characteristics  for  six  configurations 
involving  a maximum  of  four  degrees  of  freedom,, 

So  Tabular  comparison  of  experimental  and  theoretical  results „ 

6„  Zero  airspeed  frequencies  and  mode  shapes  for  the  various 
configurations „ 

The  results  indicate  that; 

1„  For  constant  fin  bending  and  fin  torsion  frequencies  the 
critical  V/Br6dy  for  T-tails  is  quite  insensitive  to  fore 
and  aft  stabilizer  position  but  relatively  sensitive  to 
spanwise  positionj  the  5 8 % fin  span  location  being  more 
critical  than  the  fin  tip  location,, 

2„  For  constant  or  fixed  fin  torsion  and  bending  stiffnesses 
the  critical  flutter  speed,  V,  for  T-tails  decreases 
appreciably  as  the  stabilizer  position  is  changed  from 
8 to  1*8$  of  the  fin  chord  aft  of  the  fin  elastic  axis, 
and  increases  appreciably  when  the  stabilizer  position  is 
changed  from  the  fin  tip  to  the  $8%  fin  span  location „ 
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3*  Stabilizer  stiffness  in  roll  relative  to  the  fin 

(rocking  of  the  stabilizer  on  the  fin)  on  this  T-tail 
configuration  has  a negligible  effect  on  the  critical 
Vf&rtDf  over  the  range  of  stiffnesses  tested,, 

Uo  Generally,  a decrease  in  critical  V/Br  Ody  results  from 
reducing  the  fuselage  stiffness  in  side  bending  and 
in  torsion o 

5„  The  theoretical  analyses,  in  which  no  aspect  ratio 
corrections  were  made,  of  a limited  number  of  the 
test  configurations  indicates  correlation  between 
test  and  theoretical  values  of  V/B TcO  and  V/BrU)y 
ranging  from  approximately  20^  conservative  to 
2C$  unconservative \ the  majority  of  cases  indicating 
the  theoretical  results  to  be  unconservative. 
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INTRODUCTION  AND  PURPOSE 


For  some  time  it  has  been  known  that  serious  flutter  difficulties 
could  arise  from  a wing  configuration  in  which  a relatively  heavy  mass 
located  near  the  wing  tip  results  in  appreciable  mass  coupling  and  pro- 
duces a bending-torsion  frequency  ratio  near  unity,.  Such  a condition 
may  result  from  a T-tail  configuration  in  which  the  stabilizer  is  lo- 
cated at  or  near  the  fin  tip,, 

A recent  Air  Force  airplane  was  designed  and  built  with  a T-tail 
confi^irationj  both  fin  and  stabilizer  having  approximately  35*  of 
sweepbacko  The  sweepback  tended  to  place  the  center  of  gravity  of  the 
stabilizer  aft  of  the  fin  elastic  axis  thus  creating  a possible 
serious  mass  coupling  effect  from  the  flutter  standpoint „ It  was 
recognized,  however,  that  the  aerodynamic  damping  contributed  by  the 
stabilizer  possibly  could  offset  the  adverse  mass  coupling  effect, 
and  thus  result  in  a satisfactorily  stable  empennage,,  A flutter 
analysis  of  the  T-tail  configuration  should  include  four  or  more 
degrees  of  freedom,  effects  of  taper,  and  aspect  ratio  corrections „ 
Consequently,  it  was  believed  that  this  complicated  an  analysis, 
without  any  experimental  check  points  to  be  used  for  comparison 
purposes,  would  be  unreliable  in  predicting  flutter  speeds  for  such 
an  aircraft o As  a result  it  was  considered  desirable  to  design, 
construct,  test  and  analyze  a T-tail  wind  tunnel  flutter  model  having, 
in  its  normal  configuration,  characteristics  roughly  similar  to  an 
actual  airplane o 

The  purpose  of  this  investigation  was  to  determine  by  experimental 
methods  the  flutter  characteristics  of  a T-tail  with  emphasis  on  the 
effect  on  the  flutter  characteristics  of  (1)  stabilizer  fore  and  aft 
location  on  the  fin,  (2)  stabilizer  spanwise  location  on  the  fin,  (3) 
stabilizer  rocking  stiffness,  (U)  fuselage  side  bending  and  torsional 
stiffness,  and  (5)  rudder  rotational  stiffness „ The  yawing  frequency 
of  the  stabilizer  relative  to  the  fin  was  kept  high  as  specified  in 
the  contract  requirements j however,  some  information  recently  fur- 
nished to  the  WADC  indicates  that  this  flutter  parameter  is  very 
important  for  T-tail  configurations,. 
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Io  PROCEDURE 


A0  Model  Design  and  Construction 


The  flutter  model  was  designed  to  simulate  approximately,  a full 
scale  airplane  in  the  following  degrees  of  freedoms 

1.  fin  bending 

20  fin  torsion 

3o  stabilizer  rocking 

1*.  stabilizer  bending 

So  fuselage  side  bending 
60  fuselage  torsion 

7o  rudder  rotation 

Other  degrees  of  freedom  such  as  stabilizer  yaw,  fuselage  vertical 
bending,  stabilizer  torsion,  and  elevator  rotation  were  not  simulated,, 

The  model  was  designed  and  constructed  so  that  the  following 
parameters  could  be  varied: 

10  fuselage  side  bending  stiffness 

20  fuselage  torsional  stiffness 

3o  fin  spanwise  location  of  the  stabilizer 

1*.  fin  chordwise  location  of  the  stabilizer 

So  stabilizer  rocking  stiffness 

60  rudder  rotational  stiffness 

7o  aerocfynamic  damping  of  the  stabilizer 

The  parameters  on  which  the  design  was  based  are  listed  in  Tables 
1 and  2. 

As  shown  in  Figure  II-l,  Appendix  II,  the  aft  section  of  the  fuselage 
was  cantilevered  from  the  rigidly  supported  forward  section  by  means  of 
a flexure  beam  designed  to  simulate  the  fuselage  side  bending  stiffness 
and  the  fuselage  torsional  stiffness  of  a full  scale  airplane.  Means 
were  incorporated  whereby  all  fuselage  motion,  both  bending  and  torsion, 
could  be  effectively  locked  out  when  de sired , 

Attachment  points  for  the  stabilizer  were  provided  at  six  different 
points  on  the  fins  three  at  S$%  of  the  fin  span  and  three  at  the  fin  tip. 
The  chordwise  positions  employed  were  at  1*8,  68  and  88£  of  the  local  chord 
for  each  of  the  two  spanwise  stations.  The  stabilizer  was  attached  to  the 
fin  by  means  of  flexure  springs  which  prevented  any  stabilizer  yawing  motion 
relative  to  the  fin  but  could  be  altered  to  produce  the  various  desired  rock 
ing  stiffnesses.  Stabilizer  attachments  are  shown  in  Figure  II-l*,  Appendix 
II. 
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NOo 

Parameter 

Model  Parameter 

1. 

Maximum  fuselage  depth  .000o<,<.oo 

31*33  inches 

20 

Maximum  fuselage  width  000.ooo«o 

25*00  inches 

3o 

Pin  height  above  fuselage  0000o<.o.o 

3i*®50  inches 

o 

Fin  tip  chord  oo©oo»ooo 

28o67  inches 

5* 

Fin  root  chord  » * * » . • <>  » o 

1*1 067  inches 

60 

Rudder  spen  ocooooooo 

26o6?  inches 

7o 

Stabilizer  root  chord  . **•*»•»* 

26067  inches 

80 

Stabilizer  semispan  0 * o <,  . « « « » 

1*0  067  inches 

9o 

Stabilizer  tip  chord  0 o « <,  0 0 » <>  « 

13*20  inches 

10  0 

Stabilizer  - elevator  weight  per  side  0 » » 

8„1*1  pounds 

11, 

Fin  - rudder  weight  0<>o„ooo.. 

19 067  pounds 

12  „ 

Rudder  weight  oooooooo. 

2o03  pounds 

13  o 

Rudder  moment  of  inertia  about  hinge  line  ® 

2 

11 088  pounds-inches 

ll*. 

Stabilizer-elevator  CoGo,  % stabilizer  chord 

50  % 

15. 

Stabilizer  elastic  axis,  % stabilizer  chord 

1*0  % 

16  o 

Fin  elastic  axis,  % fin-rudder  chord  * ° * 

ho  % 

17. 

Fin  - rudder  C0G0J>  % fin  chord  ° * o o <.  o 

1*8  % 

18. 

Moment  of  inertia  of  stabilizer  - elevator 
about  fin  tip  1*0$  chord  * « » « . o <.  o o 

5602l*  pounds-feet^ 

19. 

Airfoil  thickness  ratio  „ „ „ 0 0 „ 0 0 <. 

10  % (approximate) 

Table  1 - DESIGN  GEOMETRIC  AND  MASS  PARAMETERS 
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No. 

Parameter 

Model  Parameter 

lo 

Stabilizer  rocking  frequency  relative 
to  rigid  fin 

Variable  (See  Table  3) 

20 

Uncoupled  fin  bending  frequency  with 
rigidly  attached  stabilizer  and  rigid 
fuselage* 

225  cpm  approximately 

3« 

Uncoupled  fin  torsional  frequency  with 
rigidly  attached  stabilizer  and  rigid 
fuselage* 

300  cpm 

ko 

Uncoupled  fuselage  side  bending  frequency* 

180  cpm 

Uncoupled  fuselage  torsional  frequency* 

180  cpm 

60 

Rudder  frequency 

Variable  (See  Table  3) 

7. 

Stabilizer  symmetrical  bending  frequency 

ljijO  cpm 

8. 

Stabilizer  yaw  frequency  relative  to  rigid 
fin 

Highs  at  least  2.5 
times  th6  uncoupled 
fin  torsional  fre- 
quency 

* Normal  Stabilizer  Location  (Fin  tip,  68j£  fin  chord) 


Table  2 - DESIGN  FREQUENCY  PARAMETERS 
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A variable  length  torsion  spring  attached  at  the  rudder  root  and  to 
the  fuselage  allowed  a wide  range  of  rudder  rotational  stiffness  values 
to  be  obtained  easily 0 Streamlined  weights  (Fig„  II -6,  Appendix  II) 
which  had  a C.*G«  location,  weight  and  yawing  moment  of  inertia  equiva- 
lent to  that  of  the  stabilizer  were  constructed  so  that  they  could  be 
used  to  replace  the  stabilizer,  thereby  eliminating  stabilizer  aerody- 
namic damping o A duplicate  empennage  was  constructed,  complete  with 
exciter  system  installation  and  instrumentation  leads,  for  use  in  case 
of  damage  to  the  original  parts 0 A maximum  tunnel  speed  of  250  mph 
was  used  as  a basis  of  design  for  all  model  components,, 

A compressed  air  exciting  systemwas  installed  in  the  model  which 
consisted  of  a variable  speed  motor-driven  rotary  air  valve  located  in 
the  forward  fuselage  (Fig„  II-3*  Appendix  II)  which  fed  sinusoidal  air 
pulses  through  individual  tubes  imbedded  in  the  model  to  ports  at  the 
stabilizer  tips0  The  ports  opened  to  both  the  upper  and  lower  surface 
of  the  stabilizer,  pointing  slightly  outboard  and  forward  to  provide 
components  of  air  pulses  in  vertical,  lateral,  and  fore  and  aft  di- 
rections o Air  was  valved  to  these  ports  in  such  a manner  as  to  pro- 
duce unsymmetrical  excitation  for  the  model 0 The  system  also  included 
a solenoid  shutoff  valve,  tachometer,  and  necessary  controls 0 

Eight  accelerometers  and  four  strain  gage  installations  were  incor- 
porated at  strategic  points  to  allow  measurements  to  be  made  of  the  mo- 
tion o William  Miller  accelerometers,  amplifiers  and  recording  equipment 
were  used  exclusively,, 

Following  completion  of  the  construction  of  the  model,  all  uncoupled 
modes  that  could  be  isolated  were  excited  in  order  to  check  the  design 
uncoupled  frequencies „ This  was  accomplished  by  tying  down  various  parts 
of  the  model  with  wire  so  that  only  the  desired  motion  could  take  place „ 

A detailed  description  of  the  model  structure,  support  system,  exciting 
system,  safety  system  and  instrumentation  appears  in  Appendix  II „ 


Bo  Wind  Tunnel  Tests 


The  wind  tunnel  tests  were  conducted  at  the  Wright  Air  Development 
Center  20-foot  Wind  Tunnel  during  the  period  lit  May  to  13  June  1952„ 

Table  3 presents  the  testing  program  conducted  in  the  wind  tunnel,,  Tests 
1 through  32  were  conducted  by  Southwest  Research  Institute  personnel 
with  the  assistance  of  WADC  representatives  under  terms  of  the  contract  „ 
Tests  33  through  66  were  later  conducted  by  the  WADC  Dynamics  Branch,, 

Prior  to  the  start  of  the  wind  tunnel  test  program,  shake  table 
calibrations  were  performed  for  all  accelerometers 0 Response  curves 
were  obtained  using  a wide  range  of  frequencies  and  two  different 
amplitude  settings „ The  accelerometers  were  rendered  displacement 
sensitive  by  virtue  of  the  amplifier  double  integration  circuits 
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■whereas  the  strain  gage  circuits  contained  no  integrators „ Since  the 
integrators  introduced  a phase  shirt  which  was  a function  of  frequency, 
it  was  necessary  to  run  phase  calibrations  to  determine  the  relative 
phase  angle  between  accelerometer  and  strain  gage  signals  at  various 
frequencies o This  was  done  by  installing  a strain  gage  bridge  on  a 
flexure  beam  which  was  fixed  at  one  endj  the  other  end  was  forced  to 
move  with  the  shake  table 0 Each  accelerometer  was  calibrated  in  its 
respective  anplifier  channel  and  the  recording  oscillograph  was  used 
to  record  simultaneously  the  eight  accelerometer  outputs  and  the  strain 
gage  bridge  output,,  A phase  calibration  curve  and  a typical  accelero- 
meter response  curve  are  included  in  Appendix  II „ 

The  strain  gage  bridges  which  were  used  to  measure  fuselage 
side  bending,  fuselage  torsion,  stabilizer  rocking,  and  rudder  rota- 
tion were  all  subjected  to  static  calibrations 0 Calibrations,  in  terms 
of  oscillograph  trace  amplitude  versus  angle  of  rotation,  were  obtained 
by  applying  moments  to  the  various  model  components „ 

Before  testing  each  model  configuration,  the  zero  airspeed  coupled 
modes  were  excited  and  decay  records  made  of  eachG  However,  in  the  cases 
in  which  the  configuration  change  involved  merely  the  releasing  of  the 
rudder  from  a locked  condition,  only  a rudder  rotation  decay  record  was 
made,,  Excitation  was  accomplished  either  by  using  the  compressed  air 
exciting  system  or  by  manual  shaking 0 The  latter  method  proved  more 
satisfactory  for  the  lower  modes  due  to  the  lack  of  fine  frequency 
control  of  the  air  vibrator „ 

IXiring  each  run  the  tunnel  velocity  was  increased  in  steps  and 
with  each  step  the  model  was  excited  in  the  two  most  prominent  coupled 
modes o The  pickup  traces  were  observed  on  the  oscillograph  screen  during 
the  decay,,  Simultaneously,  a record  of  the  output  of  one  accelerometer, 
located  either  in  the  stabilizer  tip  or  the  fin  tip,  was  recorded  on  a 
Brush  recorder  and  analyzed  immediately „ In  this  manner  an  approximate 
velocity-damping  record,  which  proved  valuable  in  predicting  the  approxi- 
mate flutter  velocity,  was  kept,,  This  speeded  up  the  tests  since  a basis 
for  the  choice  of  velocity  increments  was  established,,  Oscillograph  re- 
cords were  made  when  flutter  was  obtained „ Most  of  the  excitations  at 
finite  airspeeds  were  accomplished  manually  by  jerking  a wire  attached 
near  the  leading  edge  of  the  fin  and  extending  through  the  tunnel  wallD 
This  was  necessitated  by  the  fact  that  the  compressed  air  exciting  system 
did  not  produce  a sufficiently  strong  pulsation  to  excite  the  model  ef- 
fectively at  high  velocities „ 

Some  difficulty  was  encountered  in  trimming  the  stabilizer  in  roll 
at  high  velocities  and  at  the  low  rocking  spring  stiffness „ This  was 
attributed  to  the  presence  of  slight  differences  in  geometric  twist  and 
incidence  of  the  two  halves  of  the  stabilizer  which  resulted  from  manu- 
facturing tolerances „ The  attachment  of  small  aluminum  trim  tabs  to  the 
stabilizer  eliminated  the  difficulty,, 
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Table  3 - WIND  TUNNEL  TEST  SCHEDULE 


Test  Stabilizer  Stabilizer  Equivalent  Rudder  Stabilizer  Fuselage  Fuselage 

Number  Location  Location  Stabilizer  Rotational  Rocking  Side-bending  Torsional 

(%  Fin  Span)  (%  Fin  Chord)  Weights  Frequency  Frequency  Frequency  Frequency 
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Note  U>  1 - Uncoupled  fin  torsion  frequency  with  rigidly  attached  stabilizer 


In  the  process  of  running  the  test  program,  (Table  3)*  tests  10, 
n j and  12  were  postponed  until  the  remaining  29  tests  were  completed* 
Catastrophic  flutter  was  encountered  while  conducting  Test  10  which 
resulted  in  the  destruction  of  the  fin  and  equivalent  stabilizer  weights « 
The  explosive  nature  of  the  flutter  encountered  in  this  test  and  the 
difficulty  experienced  in  controlling  it  caused  the  postponement  of  the 
two  remaining  tests  which  involved  somewhat  similar  configurations. 

The  model  was  refitted  with  the  spare  fin  and  partial  instrumenta- 
tion, and  turned  over  to  the  1TADC  dynamics  Branch  for  additional  tests. 
Some  of  the  tests  in  the  original  schedule  were  repeated  and  are  included 
in  Table  1*  with  additional  tests  as  Test  Numbers  33  through  66. 

Reynold's  Numbers  encountered  during  the  tests  ranged  from  2.1*8 
to  6.12  X 106„ 


Co  Theoretical  Calculations 

Theoretical  flutter  analyses  were  conducted  for  tests  1,  3,  10,  13, 

17,  and  1*5  which  incorporated  combinations  of  the  following  degrees  of 
freedoms 

10  fin  bending 

2.  fin  torsion 

3.  stabilizer  rocking 

l*o  fuselage  side  bending 

5.  fuselage  torsion 

The  uncoupled  modes  used  in  the  analyses  are  listed  in  Table  1-2. 

The  uncoupled  fin  bending  and  fin  torsion  mode  shape  and  natural  frequency 
calculations  were  made  by  means  of  an  iteration  process  using  calculated 
deflection  influence  coefficients  and  measured  mass  and  mass  moment  of 
inertia  data.  These  measured  data  were  obtained  in  the  case  of  the  fin 
by  actually  sawing  the  structure  into  seven  sections  and  measuring  the 
mass  properties  of  each0  Experimental  uncoupled  stabilizer  rocking, 
fuselage  side  bending  and  fuselage  torsion  frequencies  and  straight  line 
mode  shapes  were  used.  All  pertinent  data  are  presented  in  Appendix  I0 

Prior  to  conducting  the  flutter  analyses  zero  airspeed  frequency 
and  mode  shape  checks  were  performed  for  each  of  the  six  tests  for  which 
flutter  analyses  were  to  be  performed.  This  was  done  in  order  to  insure 
the  validity  of  the  determinant  elements.  In  each  case  the  frequency  re- 
quired to  make  the  determinant  vanish  was  determined  by  successive  approximation. 

The  derivations  of  determinant  elements  are  presented  in  Appendix 
III  and  the  numerical  values  are  tabulated  in  Table  1-3,  Appendix  I0 
Determinant  solutions  were  conducted  using  the  Arnold  Vector  Method  of 
Reference  20  Aspect  ratio  corrections,  which  would  have  been  rendered 
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Table  1*  - ADDITIONAL  TESTS 
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Note  d)f  ■ Uncoupled  fin  torsion  frequency  with  rigidly  attached  stabilizer 


somewhat  complicated  by  such  things  as  the  end  plate  effect  of  the  stabi- 
lizer on  the  fin,were  not  desired  since  the  scope  of  the  investigation 
did  not  require  complete  and  comparable  analyses  with  and  without  aspect 
ratio  corrections!  consequently  aspect  ratio  corrections  were  ruled  out 
in  favor  of  a greater  number  of  the  more  simple  infinite  aspect  ratio 
solutions o While  theoretical  spot  checks  were  made  of  experimental 
points,  the  emphasis  was  generally  placed  on  establishing  trends  rather 
than  on  pin-pointing  exact  flutter  speeds 0 
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II 


RESULTS 


Experimental  and  theoretical  results  are  presented  in  tabular  and 
graphical  form  in  Tables  5 through  7 and  Figures  1 through  30  respec- 
tively,, Table  5 is  a summary  of  test  results  including  both  zero  air- 
speed and  flutter  data0  Values  of  V/BTCt)g  and  CO  /tOg-  are  based  on 
calculated  values  of  op#  0 Experimental  amplitude  ratios  and 
associated  phase  angles  are  contained  in  Table  60 

Figures  1 through  6 are  graphs  of  V/Br&)  , V/B  6i)/,  V and  cO/cOg 
versus  stabilizer  center  of  gravity  location  for  both  the  locked  and 
free  fuselage  configurations,,  Similar  graphs  for  the  stabilizer  equi- 
valent weights  are  presented  in  Figures  7 through  12 „ The  effect  of 
stabilizer  rocking  frequency  on  the  critical  V /£>v0l)  and  V/B rOOg  is 
shown  in  Figures  13  and  lit.  Points  located  at  zero  frequency  ratio 
are  based  on  an  infinitely  rigid  rocking  fitting,,  Although  stabilizer 
rocking  motion  could  not  be  completely  locked  out,  the  rocking  fre- 
quency in  the  locked  configuration  was  several  times  that  of  fin  tor- 
sion o The  curves  in  Figures  1 through  li*,  although  basically  experi- 
mental results,  also  include  theoretical  points „ 

Theoretical  flutter  analyses  were  conducted  for  six  different  model 
configurations  which  involved  a minimum  of  two  and  a maximum  of  four 
degrees  of  freedomj  the  stabilizer  or  the  stabilizer  equivalent  weights 
were  located  at  the  fin  tip  in  all  cases,,  Graphical  results  of  these 
theoretical  analyses  are  presented  in  Figures  1 5 through  30 0 The  curves 
of  Figures  15,  16,  and  18,  which  are  graphs  of  egg  versus  critical  V/B  cdg 
for  three  model  configurations,  were  obtained  by  holding^/,  constant 
and  varying g g as  it  was  evident  from  the  graphical  solution  that 
variations  in  g » had  relatively  little  effect  on  the  results „ How- 
ever, for  the  case  shown  in  Figure  17  both  damping  coefficients  were 
varied.  Graphs  of  critical  V/B  cO  and  V/BrO)y  versus  cd*  /cdg  for  all 
six  configurations  are  contained  in  Figures  19  through  30 . The  ordi- 
nates of  the  experimental  points  included  in  the^^  or^  versus  V/&Td)f 
curves  were  determined  by  the  measured  damping  coefficient  in  the 
coupled  mode  which  most  closely  approximated  fin  torsion,.  In  the  re- 
maining curves  (V/B \ cO  versus  u)/,/o)ga.nd  V/BrcOg  versus  cOh/cOy)} 
the  experimental  V/B TcO  and  V/B TCO  g values  are  plotted  versus  ratios 
of  calculated  fin  bending  and  torsion  frequencies. 

Table  7 is  a tabular  comparison  of  theoretical  and  experimental 
flutter  results  for  the  six  configurations  mentioned  above „ The  test 
amplitude  ratios  are  based  on  fin  tip  amplitudes. 

All  of  the  aforementioned  experimental  results  are  taken  from  the 
latter  set  of  test  runs  (33  through  66)  with  the  exception  of  amplitude  ratios. 
Four  of  the  six  configurations  for  which  flutter  analyses  were  conducted  were 
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tested  in  the  first  set  of  test  runs  and  repeated  in  the  latter  set  of 
test  runs,  the  exceptions  being  Test  Numbers  1*5  and  61  for  which  there 
were  no  corresponding  tests  conducted  in  the  original  schedule  (Tests 
1 through  32)o  Lower  flutter  speeds  were  obtained  at  the  time  these 
tests  were  repeated,  but  no  appreciable  change  was  noted  in  flutter 
frequencies  and  amplitude  ratios#  Since  more  complete  instrumentation 
was  used  in  the  original  tests,  amplitude  ratios  were  determined  from 
those  tests  where  possible#  The  amplitude  ratios  listed  for  Tests  1*5 
and  61  are  approximate  as  a result  of  the  limited  instrumentation# 

The  differences  in  the  results  of  the  two  sets  of  tests  are  treated 
in  the  Discussion# 

Figures  31a  through  31h  are  sketches  which  show  the  zero  airspeed 
node  lines  and  frequencies  for  all  important  model  configurations#  Many 
of  the  model  configuration  changes  involved  only  the  unlocking  of  the 
rudder  or  changing  the  rudder  rotational  frequency#  Because  of  the 
negligible  effect  of  the  rudder  freauency  on  the  zero  airspeed  coupled 
modes,  only  the  cases  involving  a locked  rudder  are  included#  The  node 
lines  shown  for  Test  Numbers  33  through  66  are  approximate  because  of 
the  simplified  instrumentation  used  in  these  runs0  However,  points  on 
these  lines  at  the  intersections  of  the  lines  with  a line  through  the 
fin  tip  parallel  to  the  air  stream  are  accurate# 

Figure  32  is  a photograph  of  a zero  airspeed  oscillograph  record 
and  a flutter  record  for  the  same  model  configuration#  These  records 
are  tvnical  of  the  ones  obtained  throughout  the  tests# 
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Table  5 - SUMMARY  OF  TEST  RESULTS 


Zero  Airspeed  Measured 

Model  Configuration  Coupled  Frequencies  Flutter  Data 
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Zero  Airspeed  Measured 

Model  Configuration  Coupled^Frequencdes  Flutter  Data 
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Tests  cancelled* 

No  clear  flutter  mode  established  below  2$0  mph, 
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Table  6 = TEST  AMPLITUDE  RATIOS 
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Model  Configuration  Amplitude  Ratios  and  Phase  Angles  (h  Leading) 
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Figo  1 Effect  of  Stabilizer  C„G„  Location  on  Critical  V/Br£c) 

Fuselage  Locked 
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Figo  2s  Effect  of  Stabilizer  C„G.  Location  on  Critical  V/BTu)f  and  V, 

Fuselage  Locked 
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V (MPH) 


Fig„  5 Effect  of  Stabilizer  C0G0  Location  on  Critical  V/Br£i>y  and  V, 

Fuselage  Free 
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Equivalent  Weight  C0G0  Location  in  Per  Cent  Fin  Chord  Aft  of  Elastic  Axis 


Figo  8 Effect  of  Stabilizer  Equivalent  Weight  C„  Gc  Location  on 
Critical  V/B and  V,  Fuselage  Locked 
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EXPERIMENTAL 


Q~IA  45  ft.  UJy-  OOf  U)p=  OO 


i i I I I i I I 

STABILIZER  EQUIVALENT  WEIGHTS  AT  100%  PIN  SPAN 


Equivalent  Weight  C0G„  Location  in  Per  Cent  Fin  Chord  Aft  of  Elastic  Axis 

Figo  10  Effect  of  Stabilizer  Equivalent  Weight  C„G„  Location  on 
Critical  Y/BJUI Fuselage  Free 
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3 EXPERIMENTAL  VA 

Bf  = L4-4S  ft-  y UJy/-  - OO^  OJp=  oo 
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STABILIZER  EQUIVALENT  VEI6HTS  AT  IOO%  F|N  SMn4 


Equivalent  Weight  C„G0  Location  in  Per  Cent  Fin  Chord  Aft  of  Elastic  Axis 

Figo  11  Effect  of  Stabilizer  Equivalent  Weight  C0G0  Location  on 
Critical  Y/Br60y  , and  V,  Fuselage  Free 
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Equivalent  Weight  C0  Go  Location  in  Per  Cent  Fin  Chord  Aft  of  Elastic  Axi 

Fig0  12  Effect  of  Stabilizer  Equivalent  Weight  C0G.  Location  on 
Critical U>/ ufc  Fuselage  Free 
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Fig*  13  Effect  of  Stabilizer  Rocking  Frequency  on 
Critical  V/B^jStabilizer  at  100%  Fin  Span, 

Fuselage  Locked 
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STABILIZER  C.6.  LOCATION  IN  PER  CEN' 
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IN  CHORD 


Fig*  lu  Effect  of  Stabilizer  Hocking  Frequency  on  Critical  V/Bj 

Stabilizer  at  100$  Fin  Span*  Fuselage  Locked 
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EXPERIMENTAL  -TEST  33  (TEST  l 


THEORETICAL 


5*  vs  V/Br&) jr ,Fin  Bending-Fin  Torsion  Flutter, 
Stabiliser  C„G.  at  100#  Fin  Span  and  68#  Fin  Chord 
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h vs.  y 

Br=  IA4SH. 

air  = 339CPM 


THEORETICAL 


EXPERIMENTAL-TEST  6!  [TEST  10. 


Fig0  17  g vs  V/Br6t)y  Fin  Bending-Fin  Torsion  Flutter, 

Stabilizer  Equivalent  Weight  C„G„  at  100£  Fin  Span 


and  68%  Fin  Chord 
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Figo  19  V/fej/O  va  , Fin  Bending -Pin  Torsi  cm  Flutter, 

Stabilizer  C9&,  at  100^  Pin  Span  and  h&%  Fin  Chord 
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Fig0  21  'J /BrOJ  vs  GOh/lOf,  Fin  Bending-Fin  Torsion  Flutter, 

Stabilizer  C„G„  at  100^  Fin  Span  and  68$  Fin  Chord 
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CRITICAL  FREQUENCY 
RATIO  = .C35 
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Figo  22  Y/QTCOf  v&tfy/cOfi  Fin  Bending- Fin  Torsion  Flutter, 

Stabilizer  CoG0  at  100$  Fin  Span  and  68$  Fin  Chord 
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h vs  V 


Figo  23  V/B rO)  vsOfyfafri  Pin  Bending-Fin  Torsion  Flatten  Stabiliser 
Equivalent  Weight  C„G0  at  100^  Fin  Span  and  68%  Fin  Chord 
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EXPERIMENTAL-TEST  61  (TEST  IQ 


CRITICAL  FREQUENCY 
RATIO  = .6Z3 


Figo  2h  V/Br  4Aty-vs  oL)h/ci%’9  Fin  Bending -Fin  Torsion  Flutter,  Stabilizer 
Equivalent  Weight  GoG0  at  100^  Fin  Span  and  68%  Fin  Chord 
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Fig.  26  l/&rU^v8  u^/u^,  Fin  Bending-Fin  Torsion  Flutter, 
Stabilizer  C.  G.  at  100%  Fin  Span  and  88%  Fin  Chord 


1*8 
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Fig*  27  V/fej/x)  vs  aMufy,  Fin  Bending-Fin  Torsion-Stabiliser  Booking  Flutter, 
Stabilizer  C„G„  at  lOOJfc  Pin  Span  and  68 % Fin  Chord 
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Fig,  28  oUfJt/Jfj  Fin  Bending-Fin  Torsion-Stabilizer  Booking 

Flutter,  Stabilizer  c.  G.  at  100%  Fin  Span  and  68%  Fin  Chord 
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Fig.  29  vs  * cOh/odjfp in  Bending-Fin  Torsion-Fuselage  Side  Bending-Fuselage  Torsion  Flutter 

Stabilizer  G.G,  at  100$  Fin  Span  and  68$  Fin  Chord 


Fig  o 31a  Zero  Airspeed  Vibration  Node  Lines 
and  Frequencies  (CHI) 
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Fig„  31b  Zero  Airspeed  Vibration  Node  Lines 
and  Frequencies  (CM) 
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Fig0  31o  Zero  Airspeed  Vibration  Node  Lines 
and  Frequencies  (CPM) 
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Fig  o 3 Id  Zero  Airspeed  Vibration  Node  Lines 
And  Frequencies  (CHf) 
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Fig  o 3 if  Zero  Airspeed  Vibration  Node  Lines 
and  Frequencies  (CHI) 
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Fig03lg  Zero  Airspeed  Vibration  Node  Lines 
and  Frequencies  (CHI) 
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Figo  31h  Zero  Airspeed  Vibration  Node  Lines 
and  Frequencies 
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Flutter  Record 

Fig.  32  Typical  Zero  Airspeed  and  Flutter  Oscillograph  Records 
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IIIo 


DISCUSSION 


A0  General 


At  the  time  the  wind  tunnel  tests  reported  herein  were  conducted, 
it  was  most  efficient  and  judicious  to  slightly  alter  the  sequence  of 
tests  as  originally  scheduled  and  as  listed  in  Table  3o  In  most  in- 
stances the  deciding  factor  in  altering  the  sequence  was  the  relative 
ease  of  making  configuration  changes „ In  the  case  of  Test  Nos.  10, 

11,  and  12,  however,  which  involved  replacing  the  stabilizer  with 
equivalent  weights,  the  decision  to  postpone  these  wind  tunnel  tests 
until  the  very  end  of  the  program  was  due  to  a combination  of  the 
radical  nature  of  the  configuration  change  and  recognition  of  the 
more  catastrophic  type  of  flutter  which  might  be  encountered 0 By 
scheduling  Tests  10,  11,  and  12  at  the  end  of  the  program,  the  running 
of  the  other  tests  was  not  being  jeopardized  by  the  possibility  of 
having  the  model  destroyed  in  Tests  10,  11,  or  12  in  the  middle  of 
the  test  program o 

This  precaution  turned  out  to  be  extremely  worthwhile  since  the 
model  was  seriously  damaged  during  the  running  of  Test  No0  10#  Through- 
out the  testing  program  the  model  was  subjected  to  rather  mild  excita- 
tions which  produced  fin  tip  lateral  motions  of  the  order  of  magnitude 
of  plus  or  minus  two  inches „ While  conducting  Test  10,  which  was  run 
after  the  completion  of  Tests  1 through  9 and  13  through  32,  a tunnel 
speed  was  reached  at  which  the  model  appeared  to  be  completely  stable 
when  excited  in  the  usual  manner0  With  essentially  no  change  in  tunnel 
speed,  it  was  arbitrarily  decided  to  subject  l^he  model  to  a somewhat 
more  violent  excitation.  Immediately,  catastrophic  flutter  was  en- 
countered which  resulted  in  the  destruction  of  the  entire  empennage 
of  the  model  as  well  as  the  safety  system,.  The  same  type  of  safety 
system  which  had  been  adequate  for  damping  out  the  other  cases  of 
flutter  proved  surprisingly  inadequate  for  the  type  of  flutter  en- 
countered in  this  testo  The  remaining  two  tests,  which  were  also 
configurations  involving  the  stabilizer  equivalent  weights,  were 
postponed  and  performed  later . 

A spare  fin  and  stabilizer  were  available  to  run  additional  tests. 

These  additional  tests  would  have  the  purpose  of  trying  to  clarify 
certain  peculiarities  that  had  been  exhibited  in  the  tests  with  the 
unlocked  rudder  and  also  of  trying  to  determine  the  significance  of 
the  fact  that  the  Test  No.  10  flutter  condition  was  a function  of  the 
violence  of  the  initial  excitation.  Accordingly,  the  spare  stabilizer 
and  fin  were  installed  and  a minimum  of  instrumentation  necessary  to 
identify  flutter  conditions  was  put  into  operating  condition.  The 
Dynamics  Branch,  WADC  personnel  then  continued  with  the  testing  program* 
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During  the  course  of  running  other  tests  the  Dynamics  Branch  re- 
peated part  of  the  test  schedule  with  the  simplified  instrumentation, 
for  the  purpose  of  checking  the  flutter  speeds  and  flutter  frequencies, 
using  more  violent  excitations.  In  most  instances  a marked  decrease  in 
flutter  speed  was  obtained  while  the  flutter  frequency  and  phase  rela- 
tionships remained  essentially  unchanged.  For  purposes  of  correlation 
with  theoretical  results,  the  flutter  speeds  and  flutter  frequencies 
frcm  the  latter  tests  were  used  while  the  amplitude  ratios  and  phase 
relationships  determined  in  the  original  tests  were  used  whenever 
available. 


B.  Experimental  Results 

The  yawing  moment  of  inertia  of  the  stabilizer  about  a line  through 
the  stabilizer  center  of  gravity  is  approximately  lu5  times  the  total 
moment  of  inertia  of  the  fin-rudder  assembly  about  the  fin  elastic  axis. 
(Table  1-1) 

Fare  and  aft  movements  of  this  relatively  large  mass  and  inertia 
over  a range  of  hO%  of  the  fin  chord  (aft  of  the  fin  elastic  axis)  would 
normally  be  expected  to  alter  the  flutter  characteristics  of  the  model 
radically.  The  following  tabulated  results  are  obtained  from  Figures 
2 and  5 for  the  configurations  having  the  stabilizer  located  at  the 
fin  tip. 


Item 

Fuselage 

Configuration 

Stabilizer  C.G.  Fore  & Aft  Location 
(Per  Cent  Fin  Chord  Aft  of  E.A.) 

8 

28 

U8 

Locked 

1.000 

1.03U 

0.980 

v/(v)8 

Locked 

1.000 

.995 

.871 

Free 

1.000 

1.0U2 

l.OliO 

Free 

1.000 

1.000 

.923 

These  experimental  results  show  that  the  critical  V/B varied  a 
maximum  of  only  S»h%  while  the  stabilizer  was  moved  all  the  way  from  8£  to 
k&%  of  the  fin  chord  aft  of  the  fin  elastic  axis.  These  results  also  show 
that  V,  critical  flutter  speed,  varied  a maximum  of  12*9%  t&i  ile  the  stabi- 
lizer position  was  changed  from  8.0^  to  U8$  of  the  fin  chord  aft  of  the  fin 
elastic  axis.  In  both  the  fuselage  locked  and  fuselage  free  condition,  V 
remains  essentially  unchanged  with  the  stabilizer  center  of  gravity  8^  and 
2B%  of  the  fin  chord  aft  of  the  fin  elastic  axisj  in  moving  the  stabilizer 
from  28^  to  ij.8/2  of  the  fin  chord  aft  of  the  fin  elastic  axis,  however,  V 
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is  reduced  by  12.9#  of  the  forward  location  value  with  the  fuselage 
locked  and  by  7.7#  with  the  fuselage  free.  Although  the  reduction  in 
V is  not  as  great  as  might  be  expected  for  this  large  chordwise  movement 
of  the  stabilizer  aft  of  the  fin  elastic  axis,  the  results  show  that,  for  a 
fin  having  fixed  torsion  and  bending  stiffnesses,  aft  movements  (aft  of  the 
fin  elastic  axis)  of  the  stabilizer  are  accompanied  by  progressively  lower 
flutter  speeds.  These  results  reflect  the  effect  of  changing  fin  bending 
to  fin  torsion  frequency  ratio  since  the  fin  bending  frequency  remained 
practically  constant  for  chordwise  stabilizer  movements  while  the  fin 
torsion  frequency  changed  appreciably.  However,  since  this  ratio  changes 
only  about  11#  for  the  1*0#  change  in  stabilizer  movement,  it  is  believed 
the  frequency  ratio  effect  is  of  a secondary  nature  (the  theoretical  re«» 
suits  plotted  in  Figures  20,  22  and  26  confirm  this  belief). 

These  results  also  show  that  whether  the  fuselage  is  free  to  bend  and 
twist  or  locked  relatively  rigidly  makes  no  significant  difference  on  the 
critical  V/Br  u>#  as  the  stabilizer  is  moved  fore  and  aft  between  8#  and 
1*8#  of  the  fin  tip  chord  aft  of  the  elastic  axis.  The  theoretical  results 
of  Figure  2 indicate  the  same  insensitiveness  of  V/E to  large  changes 
in  stabilizer  location. 

Considering  the  cases  involving  the  stabilizer  at  the  $8%  fin  span 
locations.  Figures  .2  and  5 yield  the  followings 


Item 

Fuselage 

Configuration 

Stabilizer  C.G.  Fore  & Aft  Location 
(Per  Cent  Fin  Chord  Aft  of  E.A.) 

8 

28 

1*8 

)g 

Locked 

1.000 

— 

0.895 

v/(v)8 

Locked 

1.000 

Bi 

0.760 

V/Br^r/(V/Br*jy  )8 

Free 

1.000 

0.991 

1.035 

V/(V)8 

Free 

1.000 

0.938 

0.885 

Here,  a decrease  of  10.5#  in  the  critical  V/B  cdy  is  experienced  as 
the  stabilizer  is  moved  from  forward  to  aft  positions  with  the  fuselage 
locked.  When  the  fuselage  is  freed,  however,  the  effect  is  again  insig- 
nificant! V/B rtt)y  varying  through  the  range  of  minus  about  1#  to  plus 
3.5#*  In  view  of  the  foregoing,  it  appears  that  from  the  standpoint  of 
V/Br  U>f  , it  makes  little  difference  where  the  stabilizer  is  located 
chordwise,  in  the  range  of  from  8#  to  1*8#  of  the  fin  chord  aft  of  the  fin 
elastic  axis.  For  a fin  of  fixed  torsion  and  bending  stiffnesses  such  as 
these  results  represent,  as  much  as  a 2l*#  decrease  in  critical  flutter 
speed,  V,  is  experienced  in  moving  the  stabilizer  center  of  gravity  from 
8#  to  1*8#  of  the  fin  chard  aft  of  the  fin  elastic  axis.  The  decrease  in  V 
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with  aft  movement  of  the  stabilizer  when  the  stabilizer  is  at  the  $8% 
fin  span  location  is  approximately  two  times  as  much  as  when  the  stabilizer 
is  at  the  100^  fin  span  location.  This  is  indicative  of  the  reduced  aero- 
dynamic damping  effect  of  the  stabilizer  when  located  at  the  inboard  loca- 
tion. 


Replacing  the  stabilizer  with  the  stabilizer  equivalent  weights,  which 
removed  the  effect  of  stabilizer  aerodynamic  damping  frcm  the  system,  the 
following  effects  are  noted  from  Figures  8 and  11s 


Item 

Fuselage 

Configuration 

Weight  C.G.  Fore  & Aft  Location 
(Per  Cent  of  Fin  Chord  Aft  of  E.A.) 

8 

28 

li8 

Y/BrCdy  / (Y/BT  CO  r )g 

Locked 

1.000 

1.090 

1.213 

v/(v)8 

Locked 

1.000 

1.050 

1.080 

V/Br<*V/(V/BrOV)8 

Free 

1.000 

0.901 

3 

V/(V)g 

Free 

1.000 

0.869 

An  increase  of  approximately  21%  in  the  critical  V/B  cOy  (with  locked 
fuselage)  results  from  aft  stabilizer  equivalent  weight  movement,  the  vari- 
ation being  nearly  linear  with  fore  and  aft  position.  When  the  fuselage  is 
free,  a quite  different  situation  results  in  which  Y/B^cOy  decreases  approx- 
imately 10%  in  going  from  the  h8%  to  the  68%  fin  chord  locations  and  then 
increases  17%  between  the  68%  and  88^  fin  chord  locations.  Apparently, 
the  critical  location  is  somewhere  in  the  vicinity  of  the  68%  fin  chord 
(28^  aft  of  elastic  axis). 


The  effect  of  fin  spanwise  location  of  the  stabilizer  on  Y/B^cOy  and 
critical  flutter  speed,  V,  (Fig.2)  can  best  be  demonstrated  by  the  following 
table; 


Item 

Stabilizer  Chordwise 
Location  (per  cent  fin 
chord  aft  of  fin  EA) 

Stabilizer  Spanwise  Location 
(per  cent  fin  span) 

100 

SB 

t/b  co,/M  «>r  ) 

8 

1.000 

1 

v/(vw 

8 

1.000 

t*>h/£6r/(Mh/a>r  )100 

8 

1.000 

0.885 

v/Bra),/(.v/BTu>r  )100 

28 

1.000 

T/OOjoo 

28 

1.000 

/ (t*Jh/a)r  )1Q0 

28 

1.000 

V/Bra)r/(V/Br«)Jr  )100 

U8 

1.000 

0.791 

VO),*, 

1*8 

1*000 

1.168 

<»Wu>,/<Wa>T  )mo 

U8 

1.000 

0.9U0 
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These  values  indicate  an  appreciable  decrease  in  critical  VfB  a) /■  in 
moving  the  stabilizer  from  the  fin  tip  to  the  58$  span.  In  addition,  a 
decrease  in  fin  bending-torsion  frequency  ratio  also  was  experienced. 
Using  the  68$  fin  chord  (28$  aft  of  fin  EA)  location  as  an  example  and 
assuming  the  following  curve  shapes  in  the  vicinity  of  a frequency  ratio 
of  0.6, 


it  becomes  apparent  that  had  the  fin  bending  and  torsion  frequencies  re- 
mained constant,  the  decrease  in  critical  V/Br  Ct)y  would  have  been  even 
greater  as  the  stabilizer  moved  inboard.  This  case  is  typical  of  the 
other  two  chordwise  locations  with  locked  fuselage  and  of  all  chordwise 
locations  with  a free  fuselage. 

Therefore,  for  constant  fin  bending  and  fin  torsion  frequencies, 
the  test  results  show  that  the  $8%  fin  span  is  a more  critical  stabilizer 
location  than  the  fin  tip  for  the  chordwise  positions  considered  in  this 
report. 

If  the  values  of  the  table  are  discussed  in  terms  of  a fin  having 
fixed  torsion  and  bending  stiffnesses,  the  critical  flutter  speed,  V, 
becomes  the  basis  for  comparison.  For  a fin  of  fixed  torsion  and 
bending  stiffnesses,  V increases  as  much  as  3U$  when  the  stabilizer  is 
moved  from  the  fin  tip  to  the  58$  fin  span  location.  This  maximum  in- 
crease is  with  the  stabilizer  in  its  most  forward  location  (8$  of  the 
fin  chord  aft  of  the  fin  elastic  axis).  In  the  other  two  available 
stabilizer  chordwise  locations  on  the  fin,  approximately  a 17$  in- 
crease in  V is  realized  in  moving  the  stabilizer  from  the  fin  tip  to 
the  58$  fin  span  location. 
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The  graphical  results  contained  in  Figures  13  and  lit  show  no 
appreciable  change  in  either  V/Bro>  or  V/B rcOr  with  stabilizer 
rocking  frequency  for  any  of  the  fin  tip  chordwise  stabilizer  posi- 
tions* 


Unlocking  the  fuselage  results  generally  In  a decreased  critical 
V/B rC6f  as  evidenced  by  Figures  2 and  and  the  table  below* 


Item 

Stabilizer 
Spanwise 
Location 
{%  Fin  Span) 

Stabilizer 
Chordwise 
Location 
{%  Chord 

Aft  of  EA) 

Fuselage  Configuration 

Locked 

Free 

r/Bra>,/ (v/BfMr  )tew 

100 

8 

1*000 

o.9ia 

v/BTto,/m. ar  >Looked 

100 

28 

1.000 

0.950 

V/Br«V/(VBr«V  )Locked 

100 

U8 

1*000 

1.000 

v/svr/W Br«V  >locked 

SB 

8 

1.000 

0.872 

v/Bra>,/(v/Br^,  )look#d 

SB 

28 

1.000 

0,935 

)l00ked 

SB 

hB 

1,000 

1,009 

The  fuselage  stiffness  appears  to  be  of  most  Importance  when  the  stabilizer 
is  located  forward  on  the  fin*  As  the  stabilizer  moves  aft,  the  effect  of 
fuselage  stiffness  on  becomes  Insignificant. 

With  the  stabilizer  equivalent  weights  on  the  model,  the  fuselage  stiff- 
ness effect  on  the  critical  V/Br  cOf  appears  to  be  more  pronounced  with  the 
weights  28%  aft  of  the  elastic  axis  and  decreasing  with  movement  in  either 
direction  (Fig,  8 and  11), 


Item 

Weight 
Spanwise 
Location 
(%  Finnan) 

Weight 
Chordwise 
Location 
{%  Chard 

Aft  of  EA) 

Fuselage  Configuration 

Locked 

Free 

vApa>,/(TAr*>, 

100 

8 

1.000 

1.0U0 

v/Bray/(V/Bra>,  )Locked 

100 

28 

1.000 

0.860 

100 

hB 

1.000 

0.918 
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For  the  most  forward  weight  location  freeing  the  fuselage  actually 
increases  the  critical  by  U$, 

Even  though  the  rudder  was  mass  balanced  by  elements,  a considerable 
decrease  in  flutter  speed  was  obtained  when  the  rudder  was  unlocked*  The 
results  of  Tests  1 and  2,  Table  5*  show  the  flutter  speed  decreasing  from 
20 5 mph  to  117  mph  as  a result  of  going  from  a locked  rudder  to  a rudder 
rotational  frequency  of  100  cpm.  The  rudder  dynamic  balance  with  respect 
to  both  fin  bending  and  fin  torsion  was  considerably  improved  by  the  addi- 
tion  of  weights  to  the  rudder,  but  this  change  did  not  result  in  an  appre- 
ciable  increase  in  the  rudder  flutter  speedo  A chord  extension  at  the 
rudder  trailing  edge  eliminated  the  rudder  flutter,  even  though  the  rudder 
was  appreciably  dynamically  unbalanced,  indicating  that  this  "type  of 
flutter  was  possibly  being  caused  by  a high  degree  of  rudder  aerodynamic 
balance*.  In  this  final  extended  chord  condition  the  bending-torsion 
flutter  speed  was  hi^ier  than  for  the  locked  rudder  condition* 

The  same  low  rudder  flutter  speed  was  experienced  with  the  other 
stabilizer  locations  at  the  fin  tip*  However,  when  the  stabilizer  was 
moved  to  the  fin  58$  span  this  rudder  flutter  mode  disappeared  and  un- 
locking the  rudder  resulted,  in  general,  in  an  increased  fin  bending- 
torsion  flutter  speed* 


C*  Theoretical  Results 


A comparison  of  the  velocity-damping  curves  in  Figures  16  and  17, 
which  are  for  the  c ases  involving  the  stabilizer  and  the  stabilizer 
equivalent  weights,  respectively,  at  the  fin  tip  68$  chord  position, 
shows  the  aerodynamic  damping  effect  of  the  stabilizer*  The  negative 
slope  of  the  theoretical  g vs*  V/BpcOy  curve  for  the  stabilizer  equi- 
valent weights  .case  tends  to  anphasize  the  catastrophic  nature  of  the 
flutter  which  was  experienced  with  this  configuration*  The  large  de- 
gree of  aerodynamic  damping  which  was  present  with  the  stabilizer 
attached  was  reflected  throughout  in  the  flatness  of  the  approximate 
2 - V curves  plotted  during  the  tests.  This  is  borne  out  by  relative 
flatness  (compared  to  the  equivalent  weights  case)  of  the  J vs* 

V/Br^V  curves  of  Figures  15$  16,  and  180 

The  degree  of  correlation  obtained  between  theoretical  and  experi- 
mental results,  is  considered  satisfactory  in  view  of  the  lack  of  aspect 
ratio  corrections  and  the  complexity  of  the  model.  Before  conducting  the 
flutter  analysis  for  each  configuration,  the  stability  determinant  was 
solved  for  zero  V/B tcO  in  order  to  check  the  zero  airspeed  coupled  modes | 

in  each  case  satisfactory  checks  were  obtained.  On  the  basis  of  this,  it 
is  believed  that  the  type  of  analysis  described  in  this  report  is  valid 
for  predicting  the  flutter  characteristics  of  a T=tail,  but  that  the 
accuracy  could  be  improved  by  incorporating  aspect  ratio  corrections© 
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The  extreme  ihsensitiveness  of  the  results  to  radical  changes  of 
stabilizer  location  on  the  fin  are  attributed  to  the  aerodynamic  damping 
of  the  stabilizer  and  its  large  mass  moment  of  inertia  about  the  fin 
elastic  axis0 

Although  theoretical  analyses  were  conducted  of  too  few  configurations 
to  permit  firm  general  statements , the  data  indicate  that  the  theoretical 
accuracy  may  range  from  about  20$  conservative  to  about  20$  unconservative o 
The  best  agreement  between  theory  and  experiment  was  obtained  far  the  equi- 
valent  weight  configuration  where  an  excellent  correlation  was  realized 
between  test  and  calculated  values  of  the  nondimens ional  oarameters,  V/B cO 
(0ol$)  , V/Br&V(iu5>$)  s and  oj/ca)?  (i*.U$)  , (Table  7)j  the  calculated 
values  being  lower  than  the  test  values  for  each  of  the  three  parameters 0 
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CONCLUSIONS  AND  RECOMMENDATIONS 


IV  c 


A0  Conclusions 

On  the  basis  of  the  results  presented  herein,  the  following  con- 
clusions are  drawn? 

lo  If  a constant  fin  bending-torsion  frequency  ratio  is 
maintained  the  critical  V/B  cOy  for  T-Tails  is  rela- 
tively independent  of  stabilizer  fore  and  aft  location 
in  the  range  of  locations  tested  regardless  of  the 
stabilizer  spanwise  location  on  the  fin. 

20  If  constant  or  fixed  fin  torsion  and  bending  stiffnesses 
are  maintained*  the  critical  flutter  velocity,  V,  for 
T-tails  decreases  as  much  as  12<>9$  with  the  stabilizer 
located  at  the  fin  tip,  and  as  much  as  2lu0$  with  the 
stabilizer  located  at  the  £8$  fin  span  as  the  stabilizer 
center  of  gravity  is  moved  from  8 to  U8$  of  the  fin  chord 
aft  of  the  fin  elastic  axis0  The  reduction  in  V is  approxi- 
mately two  times  as  great  with  a very  rigid  fuselage  (fuse- 
lage locked)  as  with  a fuselage  which  is  relatively  flexible 
in  side  bending  and  torsion  (fuselage  free)0 

3o  The  fin  38$  span  is  the  more  critical  stabilizer  spanwise 
location  by  as  much  as  23$  in  critical  V/Br  cO/  if  constant 
fin  bending  and  fin  torsion  frequencies  are  maintained# 

ho  If  constant  or  fixed  fin  torsion  and  bending  stiffnesses  are 
maintained,  the  critical  flutter  velocity,  V,  for  T-tails 
may  be  increased  as  much  as  3k%  by  changing  the  location  of 
the  stabilizer  from  the  fin  tip  to  the  38$  fin  span  location# 
This  maximum  increase  was  realized  with  the  stabilizer  center 
of  gravity  at  8$  of  the  fin  chord  aft  of  the  fin  elastic  axis<> 
An  approximate  17$  Increase  in  V was  realized  with  the  stabi- 
lizer center  of  gravity  located  28  and  U8$  of  the  fin  chord 
aft  of  the  fin  elastic  axis# 

So  Relative  stiffness  in  roll  of  the  stabilizer  attachment  to 
the  fin  on  this  T-tail  configuration  has  a negligible  effect 
on  the  critical  V/B  «t)/  over  the  wide  range  of  stiffnesses 
investigated  in  these  tests. 

S0  Reducing  the  fuselage  side  bending  and  torsion  stiffnesses 
results  generally  in  decreased  critical  V/Bra)y  values  in 
all  Instances  except  for  the  most  rearward  stabilizer  lo- 
cation configurations  tested  where  the  effect  was  negligible. 
Reductions  in  critical  V /BTa>y  of  as  much  as  13$  were  experi- 
enced o 
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7o  Since  the  rudder  on  this  model  did  not  seem  to  function  as 
a normal  rudder  should,  no  conclusions  can  be  drawn  with 
respect  to  the  effect  of  the  rudder  on  critical  values  of 
V/B. Ta)f  # 

Conclusion  No0  2 set  forth  in  the  original  version  of  Reference  3, 
which  is  a preliminary  report  on  the  wind  tunnel  tests  of  the  model  des- 
cribed  herein,  were  somewhat  prematurely  drawn  and  should  be  disregarded. 
A more  thorough  study  of  the  experimental  and  theoretical  results  yielded 
factors  which  were  unforseen  at  the  time  of  writing  of  the  reference  re- 
port. 


Bo  Recommendations 


lo  T-taU  fins  should  be  as  stiff  in  torsion  as  is  possible. 

2,  When  a T-tail  configuration  is  contemplated  in  the  design  of 
an  airplane,  a flutter  analysis  should  be  made  to  evaluate 
the  flutter  margin  of  safety  and  to  establish  the  optimum 
stabilizer  location. 

3.  Flutter  model  tests  and/or  flight  flutter  tests  should  be 
undertaken  to  establish  the  critical  flutter  speed  on  any 
given  airplane  having  a T-tail , provided  the  flutter  analysis 
does  not  yield  an  ample  margin  of  safety# 

ho  Further  investigation  should  be  made,  if  practical,  to 

determine  why  critical  flutter  is  a function  of  the  degree 
of  violence  and  duration  of  the  initial  excitation# 

$0  Flutter  analyses  which  include  aspect  ratio  corrections 
should  be  made  to  s ee  if  better  correlation  could  be 
realized  between  experimental  and  theoretical  results# 
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APPENDIX  I 


LATA 

Tables  1=1  through  1=3  and  Figures  1=1  through  1=7  constitute  a 
complete  listing  of  basic  data  on  the  T-tail  flutter  model,,  As  is  noted 
in  these  Figures  and  Tables^  the  majority  of  data  were  obtained  experi= 
mentally,,  The  basic  data  of  Tables  1=1^  and  1-2  and  Figures  1-1  through 
1-7  were  used  in  evaluation  of  the  numerical  values  of  determinant  ele- 
ments summarized  in  Table  1-3 o Appendix  III  is  the  derivation  of  the 
formulas  for  the  , determinant  elements 0 
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MODEL  PARAMETERS 


Geometric  Characteristics 


Fig.  II-5,  II~8 


Fuselage  Characteristics  (Items  1S2S  & 3 do  not  include  fin, 

rudder  or  stabilizer). 


Weight  * 

Moment  of  inertia  in  yaw  about  vertical 
axis  through  flexure  beam  centerline  * 


95  lbs, 


120.800  lb .-in.2 


3o  Moment  of  inertia  in  roll  about  fuselage 
longitudinal  axis  * 

he  Side  bending  frequency  (stabilizer  at  fin 
tip s 68%  ehordo) 

3.  Torsion  frequency  (stabilizer  at  fin  tips 
68%  chord) 

Fin„  including  Rudder 9 Characteristics 

1.  Section  Properties  * (Fig.  1=1) 

Section  Weight  X(a)  Y(b)  Iqq(c) 
Boundaries 


(X)  (inches)  Lb*, 

13.50~X9.35  6.82 

19o56“2li012  2 .50 

2Uol2-=29olO  2.28 
29.10~36.72  9o80 

36o72="UloUO  2.18 

UloUO^o64  1.73 
tt.6t=t9.l5  7ol*6 


In,. 

15.05 

21.21 

26.80 

32028 

39.16 

t2.?0 

1*7.73 


In. 
19.1*0 
17.32 
ll*.68 
it. 26 

13.31 

15.32 
10.30 


Total 


32.77 


Lb „ -In.  2 
963.92 
103.23 
122.78 
336.39 
87.02 
80.i*6 
638  01;6 

2332.1* 


Fuselage  centerline  is  station  zero  for 
all  spanwise  (X)  coordinates. 

Fin  leading  edge  is  station  zero  for 
all  chordwise  (l)  coordinates. 

Iqq  is  taken  about  an  axis  through  the 

section  C0G.  perpendicular  to  the  stream 
directi on ,along  the  span. 


1**931*  lb. -in.2 


172  cpm 


210  cpm 


Table  1-1  - SUMMARY  OF  MOTEL  PARAMETERS 
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Fin,  including  Rudder,  Characteristics  (cont'd) 

2.  Static  unbalance  about  elastic  axis*  (Fig.  1-2) 

3.  Moment  of  inertia  about  elastic  axis* 

(Fig.  1-3) 

U.  Bending  frequency 

Stabilizer  at  fin  tip  (Table  1-2) 

1*836  Chord 
68/6  Chord 
88*  Chord 

Stabilizer  at  58%  fin  span 
1*836,  68%  and  8836  Chord 

Equivalent  weights  at  fin  tip  (Table  1-2) 
6856  Chord 

5.  Torsional  frequency 

Stabilizer  at  fin  tip  (Table  1-2) 

U8*  Chord 
68/6  Chord 
88*  Chord 

Stabilizer  at  58%  fin  span 
U8*  Chord 
6856  Chord 
88*  Chord 

Equivalent  weights  at  fin  tip 
h8%  Chord 
68%  Chord 
88*  Chord 

6.  Elastic  Axis 
Rudder 

— & 

1.  Section  Properties 


Section 

Boundaries 

Weight 

X(a) 

T(b) 

(X)  inches 

11). 

In. 

In. 

lU .80-19 .55 

.96U 

15.23 

2.35 

19.55-2U.12 

.311* 

22.10 

2.38 

2U .12-29  .10 

.255 

26.70 

2.58 

29.10-36.72 

.U28 

33.50 

2.8U 

36.72-Ul.UO 

.339 

39  .UO 

3.00 

Total 

2.300 

33.78  lb. -in. 
1900.00  lb. -in. 


18U  cpm 
181*  cpm 
181  cpm 

252  cpm 


211  cpm 


302  cpm 
290  cpm 
268  cpm 

1*66  cpm 
UUO  cpm 
397  cpm 


353  cpm 

339  cpm 
313  cpm 

Uo*  Chord 
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MOEEL  PARAMETERS 

Rudder  (cont'd) 

a.  Fuselage  center  line  is  station  zero  for 
all  spanwi se  (X)  coordinates. 

b0  Rudder  leading  edge  is  station  zero  for 
an  chordwise  (Y)  coordinates « 

20  Static  unbalance  about  hinge  line* 

3«  Moment  of  inertia  about  hinge  line* 

U.  Frequency 


Stabilizer 


Section  Properties 

* 

Section  Weight 

Boundaries 

X (a) 

Y (b) 

(X)in.  Lb. 

In. 

In. 

2.00-9.1  U.U386 

3.75 

11.8 

9.r-i5»o  .7Qia 

11.U7 

8.5 

15oO-23.1  1.1975 

18.20 

7.0 

23.1-33.1  .9955 

27.00 

7.3 

33 .1-4*0 .8  1.65Uii 

36.15 

7.58 

Total  8.9901  per  side 

18 .0  both  sides 

a*  Fin  Chord  line  is  station  zero  for  all 
spanwise  (X)  coordinates, 

b.  Stabilizer  leading  edge  is  station  zero 
for  all  chordwise  (Y)  coordinates. 

2.  Total  yawing  moment  of  inertia  about  stabilizer  C.i 

3o  Total  rolling  moment  of  inertia  about  stabilizer 
center  line* 

U0  Symmetrical  bending  frequency* 

So  Rocking  frequency 
Hocked 

°73>  (*>(  fitting* 

.50A)y  fitting* 


Table  1-1  - (continued) 
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-0.69  lb. in. 
12.6  lb  .in.2 
Variable 


.*  8,596  lb  .in. 2 
7,Q5U  lb .in. 2 

1*52  cpm 

High 
21ii  cpm 
138  cpm 


MOEEL  PARAMETERS 


75,5%  Root 
Chord 

liO  % Chord 

18.38  To. 

7,592  lb. 


* Experimentally  determined.  All  other  values  were 
calculated.  Frequencies  are  uncoupled. 


Table  1-1  - (concluded) 


Stabilizer  (cont'd) 

6.  Center  of  Gravity*  (Aft  of  leading  edge 

root  chord) 

7*  Elastic  axis 
Stabilizer  Equivalent  Weights 


1.  Weight  (Total) 


2.  Tawing  moment  of  inertia  about  the  center  of 
gravity  of  the  system  on  the  fin  center  line 
(total) 
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Test  Uncoupled  Frequencies  (cpm)  Damping  Coefficients 
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Fin  Bending-Fin  Torsion  Flutter,  Stabilizer  at  100*  Fin  Span  and  68$  Fin  Chord 
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NOTE:  Nondimensional  peterminant  Elements  obtained  by  dividing  Elements  in  Appendix  III  by  appropriate 
values  of  7T  f B?z,  rr  f Br^  and  Trf>  Br  . 

Table  1-3  - SUMMARY  OF  NUMERICAL  VALUES  OF  DETERMINANT  ELEMENTS-INFINITE  ASPECT  RATIO 
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Notes  Nondimensi onal  Determinant  Elements  obtained  by  dividing  Elements  in  Appendix  III  by  appropriate 
values  of  nf  By  , fT  f B_J  axidTTf^, 


Weight  in  Pounds  Per 


Fig o I <=1  Fin-Rudder  freight  Distribution 
WADC  TR  52-162  8k 


la  Pound- Inches  per  Inch 


Fig  o 1-2  Fin  Rudder  S y" 
Distribution 
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in  Pounds 


Fig  o 1-3  Fin=Rudder  I y Distribution 
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Fin  Station  Along  Elastic  Axis  In  Inches 


Fi&0  1-6  Fin  Bending  Mode  Shape 
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APPENDIX  II 


MODEL  DESCRIPTION 


10  Model  Structure 

(All  model  components  were  designed  to  have  ample  margins  of  safety 
at  a maximum  tunnel  speed  of  2f?0  mph  and  stabilizer  tip  amplitudes  of  + 2o0 
inches  fore  or  aft,  laterally  or  vertically  „)  “ 

a„  Fuselages 

Figure  II~1  is  a photograph  of  the  completed  assembled  T-tail 
flutter  model o The  forward  or  nose  section  of  the  model  consisted 
of  a tubular  steel  frame  covered  with  a combination  wood  nose  and 
plywood  surface | the  surface  being  connected  to  the  frame  by  means 
of  plywood  bulkheads o The  frame  was  provided  with  three  attachment 
points  for  the  support  structure 0 

The  fuselage  tail  cone  was  connected  to  the  nose  section  by 
means  of  an  I beam  which  was  designed  to  provide  the  required  fuselage 
side  bending  and  fuselage  torsional  stiffnesses  and  yet  be  relatively 
rigid  in  vertical  bending 0 The  tail  cone  was  made  up  of  a tubular 
steel  frame,  which  carried  a plywood  and  doped  fabric  fairing  sup- 
ported by  a stringer-bulkhead  framework0  Steel  plates  were  bolted 
to  the  tubular  steel  frame  to  obtain  required  mass  properties „ 

Figure  II-2  shows  the,  partially  uncovered  tail  cone  section  in 
which  the  frame,  weights,  plywood  bulkheads,  stringers  and  the 
partial  plywood  cover  can  be  seen„  Both  nose  and  tail  sections 
were  bolted  to  the  ends  of  the  flexure  (I)  beam0 

Means  were  provided  for  locking  together  the  nose  and  tail 
sections  in  order  to  eliminate  the  two  fuselage  degrees  of  freedom,, 

The  side  bending  locks  consisted  of  two  heavy  steel  straps  lying 
in  a horizontal  plane  containing  the  flexure  beam  centerline  and 
spaced  outboard  from  the  centerline  approximately  + 3 <>6"  inches « 

The  bolt  holes  in  the  straps  were  located  so  that  the  straps  were 
preloaded  when  attached  to  the  nose  and  tail  frames  with  tapered 
bolts  o The  torsion  lock  consisted  of  tubular  frames  extending 
from  each  end  of  the  flexure  beam  and  sloping  upward  on  top  and 
downward  on  the  bottom  toward  the  c enter  of  the  beamB  Attach- 
ments were  provided  for  bolting  together  the  forward  and  aft 
frames  to  effectively  prevent  twist  occurring  in  the  beamG  The 
forward  portion  of  the  bending  and  torsion  locks  and  the  flexure 
beam  can  be  seen  in  Figure  II-3o 
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Uncovered  Model 


b 


Fins 


Figure  Il4|  is  a photograph  of  the  fin  spar  with  rib  clips 
and  stabilizer  rocking  fittings  attached,,  The  fin  was  of  single 
spar  construction,  the  spar  being  made  up  of  two  main  steel  tubes 
and  two  stiffener  tubes  connected  by  a scalloped  steel  shear  web0 
The  stiffener  tubes  were  located  in  the  center  of  the  spar  and 
were  intended  to  provide  bending  stiffness  onlyD  All  parts  of  the 
spar  assembly  were  silver  soldered  or  brazed  together  to  minimize 
structural  damping 0 

Rocking  fittings  for  the  stabilizer  were  provided  at  the 
fin  tip  and  at  %Q%  of  the  fin  span,,  Each  of  these  fittings  con- 
sisted of  two  steel  tubes  with  the  longitudinal  axes  parallel  to 
the  stabilizer  chord  plane 0 One  tube  was  silver  soldered  to  the 
fin  spar  while  the  other  was  free  to  move0  Silver  soldered  to  the 
latter  were  small  tubes  to  provide  for  attaching  the  stabilizer  at 
the  three  different  chordwise  locations 0 The  fixed  and  the  moving 
tubes  were  connected  with  two  sets  of  crossed  leaf  springs  located 
at  each  end  of  the  fitting  and  thereby  providing  considerable  re- 
sistance to  yawing  or  pitching  of  the  stabilizer „ In  order  to  ob- 
tain greater  rocking  stiffness  an  additional  set  of  springs  could 
be  installed  in  the  center  of  the  fitting,,  The  tubes  also  could  be 
locked  together  at  each  end  with  screws  to  prevent  any  appreciable 
relative  motion  between  the  stabilizer  root  and  the  fin0 

In  order  that  alterations  in  the  fin  torsional  stiffness 
could  be  made  without  appreciably  changing  the  bending  stiffness, 
a torsionally  stiff  tube  with  longitudinal  axis  perpendicular  to 
the  axis  of  the  spar  was  silver  soldered  to  the  fin  main  spar  tubes 
about  ten  inches  from  the  fin  root„  The  tube  was  cut  at  its  length- 
wise center  and  provided  with  bolt  attachments  so  that  it  could 
be  locked  or  unlocked,,  A second  means  of  stiffness  alteration 
was  incorporated  in  the  fixed  tube  part  of  the  span  rocking 
fittingo  These  tubes  and  the  locking  mechanisms  are  visible  in 
Figure  II-lu  The  tubes  remained  locked  throughout  the  test 
program  since  it  was  found  to  be  unnecessary  to  use  this  adjust- 
ment o 


The  spar  tubes  extended  through  the  root  fitting,  which 
provided  a means  for  attaching  the  fin  to  the  aft  fuselage 
fi-ame,  and  were  welded  on  the  inboard  side  and  silver  soldered 
on  the  outboard  sidec  SAE  1*130  steel  was  used  throughout  the 
3par  and  fitting  structure 0 
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Aluminum  alloy  channel  main  ribs  and  support  ribs  were 
riveted  to  the  spar  rib  clips  which  were  in  turn  brazed  to  the 
main  spar  tubes.  The  leading  and  trailing  edges  were  formed 
of  aluminum  alloy  sheet  and  cut  into  segments  so  as  to  offer  no 
appreciable  torsional  stiffness 0 The  spar  and  rib  structure 
was  covered  with  nylon  net  which  was  impregnated  with  Goodyear 
Chemigum  Latex  10-LA  0 The  nylon  was  stretched  on  and  sewed  with 
the  threads  running  parallel  to  the  elastic  axis  and  parallel 
to  the  ribs0  The  latex  was  then  painted  on  in  several  coats 
until  the  cover  was  sealed . The  orientation  of  the  threads 
served  to  minimize  the  effect  of  the  cover  on  the  fin  torsional 
stiffhess.  No  serious  ballooning  difficulties  were  encountered 
with  this  type  of  covering  at  wind  velocities  up  to  2^0  mph0 
Zippers  were  installed  at  various  points  to  provide  access  to 
the  internal  structure  and  to  the  instrumentation 0 

The  elastic  axis  was  located  at  k0%  fin  chord  and  had  a 
28.37*  sweepback.  Details  of  the  geometry  are  included  in 
Figure  II-5. 

c0  Stabilizer; 

The  stabilizer  structure  shown  in  Figure  II -7  was  quite 
similar  to  that  of  the  fin0  The  spar  was  made  up  of  two  steel 
tubes  connected  by  a steel  sheet  web.  To  prevent  warping  of  the 
thin  sheet  due  to  heat,  clips  were  silvered  soldered  to  the  tubes 
so  that  alternate  clips  would  be  on  the  same  side  of  the  web.  The 
web  was  then  inserted  and  riveted  in  place  to  the  clips „ All  spar 
components  were  of  SAE  1*130  steel0  Ribs,  leading  edge,  and  trail- 
ling  edge  channels  were  of  aluminum  alloyD  The  leading  edge  con- 
tour, not  shown  in  Figure  II-7,  was  formed  of  aluminum  alloy  sheet 
and  riveted  to  the  leading  edge  channel ,>  Ballast  weights  necessar; 
to  bring  the  stabilizer  up  to  the  specified  weight,  balance  and 
inertia  condition,  and  consisting  of  lead  slugs, were  bolted  into 
place  in  the  root  box  assembly. 

The  stabilizer  was  bolted  to  the  fin  with  four  bolts 
through  the  root  box.  The  spar  and  rib  structure  was  covered 
with  latex  impregnated  nylon  net  in  the  same  manner  as  the  fin. 
Zippers  were  installed  to  provide  access  to  the  instrumentation 
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Fig.  H-5  Fin  and  Fuselage  Geometry  and  Pickup  Locations 
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Fig.  II  - 5a  Stabilizer  Equivalent  Weight  Geometry 


Mounted  Stabilizer  Eauivalent  Weinht 


and  to  the  root  attachment  bolts „ Figure  II-8  is  a drawing 
showing  the  stabilizer  dimensions. 


Stabilizer  equivalent  weights  which  simulated  the  stabi- 
lizer weight  and  yawing  moment  of  inertia  were  constructed  of 
two  2-inch  0,  D„  steel  tubes  with  lead  inserts  at  either  end0 
Figure  11=6  is  a photograph  of  the  weights  in  place  on  the 
model o 

do  Rudder 

The  rudder  was  of  mahogany  plywood  construction  and  was 
attached  at  each  end  to  the  fin  with  flexure  hinges 0 One 
of  the  hinge  platforms  is  visible  in  Figure  II-9  which  is 
a photograph  of  the  assembled  rudder 0 Additional  variable 
rotational  stiffness  was  provided  by  means  of  a torsion 
spring  connecting  the  rudder  root  tube  to  the  fuselage 
frame o The  dimensions  of  the  rudder  are  shown  in  Figure 
II-$o 


2 • Instrumentation 


Eight  William  Miller  Type  1*020  accelerometers  located  as  shown  in 
Figures  II-5  and  II-8  were  used  with  amplifier  double  integration  circuits 
to  measure  displacements.  In  addition,  four  strain  gage  installations, 
with  locations  as  shown  in  figure  II-!?*  were  used  to  measure  fuselage  side 
bending,  fuselage  torsion,  stabilizer  rocking  and  rudder  rotation. 

Recording  equipment  consisted  of  the  following: 

a0  Three  units  of  four  channels  each.  Type  CD-2  Amplifiers 
and  Power  Supply  (William  Miller) » 

b.  One  Model  W,  16  channel  Oscillograph  equipped  with  180  cps 
high  sensitivity  galvanometers  (William  Miller) . 

This  equipment  is  shown  in  Figure  II-10 

All  accelerometers  located  in  the  fin  were  oriented  so  as  to  be  sen- 
sitive to  lateral  motion 0 Three  of  the  stabilizer  accelerometers  were 
sensitive  to  vertical  motion  and  one  to  fore  and  aft  motion0  Table  II-l 
identifies  each  pickup  by  the  type,  location,  and  channel  number 0 
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Assembled  Rudder 


Type 


Location  and  Direction 


Ac cel 0 

Right  Hand  StabD 

Tip  Trailing  Edge 

Fore  and  Aft 

Accel 0 

Right  Hand  Stab0 

Tip  Leading  Edge 
Vertical 

Accel 0 

Right  Hand  Stab„ 
Mid-Span  Leading 

Edge -Vertical 

Accel 0 

Left  Hand  Stab0 

Tip  Leading  Edge 
Vertical 

Accel o 

Fin  Tip  Leading 

Edge  Lateral 

Accel o 

Fin  Mid-Span  Leading 
Edge  Lateral 

Accel 0 

Fin  Mid-Span  Trailing 
Edge  Lateral 

Accel 0 

Fin  Tip  Trailing 

Edge  Lateral 

Strain  Stabilizer  Rocking 

Gage  Fitting 

Strain  Rudder  Hinge  Line 

Gage  Rudder  Rotation 

Strain  Flexure  Beam  Fuselage 

Gage  Side  Bending 

Strain  Flexure  Beam  Fuselage 

Gage  Torsion 


Ampli-  Oscillo- 
fier  graph 
Channel  Channel 


Noo 


1 Ref  „ 


11 

Ref  0 

1? 

13 

lh 

15 

16 

Ref  0 

Table  II-l  - pickup  and  Channel  Identification 
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Each  strain  gage  installation  consisted  of  four  SR-li,  Type  A-7 
strain  gages  wired  to  form  a 'Wheatstone  bridge*  Figure  11-10  shows  the 
manner  in  which  the  gages  were  located  on  the  stabilizer  flexure  springs 
and  is  typical  also  of  the  rudder  spring  installation,,  Two  sets  of  gages 
were  installed  on  the  vertical  edges  of  the  fuselage  flexure  I-beam  flanges * 
One  set  was  wired  so  as  to  be  sensitive  to  side  bending  of  the  fuselage 
while  the  other  set  was  wired  to  be  torsion  sensitive*  Portions  of  the 
fuselage  gage  installations  are  visible  in  the  center  of  Figure  II-3* 

Figures  11-11  through  II-lU  are  typical  static  calibration  curves 
for  the  strain  gage  installations * Figure  II -15  is  a typical  accelerometer 
response  curve0  The  phase  response  of  the  accelerometers  is  shown  in  Fig- 
ure 11-16  as  a plot  of  strain  gage  signal  phase  lag  relative  to  accelero- 
meter signal o 


3.  Exciting  System 


Excitation  of  the  model  was  accomplished  by  means  of  a compressed 
air  vibrator  installed  within  the  model  itself*  A supply  of  compressed 
air  was  supplied  to  a rotary  air  valve,  located  in  the  nose  section  of 
the  fuselage,  just  forward  of  the  flexure  beam,  through  a solenoid  valve* 
The  solenoid  valve  was  actuated  by  a toggle  switch  on  the  control  panel* 

The  rotary  air  valve  was  driven  by  a small  variable  speed  electric  motor 
which  was  controlled  by  a Variac  on  the  control  panel*  A Kollsman  Air- 
craft Tachometer  was  also  located  on  the  control  panel  and  connected 
electrically  to  the  tachometer  generator  which  was  driven  through  a 
short  flexible  shaft  by  the  rotary  air  valve  motor*  The  rotary  air 
valve  produced  two  alternate  pulses  of  air  per  cycle  to  the  model. 

These  pulses  were  delivered  to  the  tips  of  the  stabilizer  through  two 
air  tubes  running  from  the  rotary  valve  to  the  stabilizer*  At  the  center 
of  the  stabilizer  each  tube  was  divided  into  two  tubes  by  a Y connection 
and  routed  to  opposite  stabilizer  tipss  one  to  the  stabilizer  upper  sur- 
face and  one  to  the  lower  surface*  By  this  means  it  was  possible  to 
excite  the  model  by  ejecting  the  pulses  of  air  upward  and  downward  from 
the  four  air  tubes  at  the  stabilizer  tins0  By  different  arrangements  of 
the  tubes  at  the  Y connections  it  was  possible  to  obtain  either  symmetrical 
or  unsymmetrical  excitation* 

Figure  11-17  is  a schematic  diagram  of  the  exciting  system*  The 
variable  speed  motor,  rotary  air  valve,  and  solenoid  air  valve,  can  be 
seen  in  Figure  II-3o  The  control  panel  is  visible  in  Figure  II-l* 

Means  were  also  provided  for  exciting  the  model  by  hand*  This  con- 
sisted merely  of  a wire  attached  near  the  leading  edge  or  trailing  edge 
of  the  fin  tip  and  extending  through  the  tunnel  wall* 
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Fig0  II- JO  Stabilizer  Backing  Fitting  Strain  Gage 

Installation 
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tealranometer  Deflection  in  Inches 


Figo  11-12  Fuselage  Side  Bending  Strain  Gage  Installation 

Cba racteristics 
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Galvanometer  Deflection  in  Inches 


Figo  Il-llt  Rudder  Rotation  Strain  Gage  Installation 

Characteristics 
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Fig*  11-15  Typical  Accelerometer  Response  Curve 


Phase  Angle  Calibration  Curve 


Fige  11-17  Schematic  Diagram  of  Air  Exciting  System 


llii 
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The  safety  system  used  for  curbing  the  motion  of  the  model  when 
divergent  flutter  was  incurred  consisted  of  a spring-loaded,  electri- 
cally operated  piano  wire  rigging  which,  when  released,  introduced  damping 
into  the  vibrating  system  by  bringing  a rough  rubbing  surface  in  contact 
with  the  stabilizer  tips„  The  stops  were  held  in  the  off  position  by 
electromagnets  in  the  two  cocking  mechanisms  located  on  either  side  of 
the  tunnel o The  system  was  triggered  by  a switch  on  the  control  panel 
but  had  to  be  cocked  by  hand  from  outside  the  walls  of  the  tunnel 0 

A portion  of  the  system  is  shown  in  Figure  11-18  for  the  fin  tip 
stabilizer  location  and  in  Figure  11-19  for  a 5 8 % fin  span  stabilizer 
location  * The  cocking  mechanisms  are  visible  in  the  lower  part  of  Figure 
II-l80  Figure  11-20  is  a photograph  of  a cocking  mechanism  showing  the 
spring,  transformer  for  the  electromagnet,  cocking  cable  and  the  rigging 
wire0  Tension  on  the  cocking  cable,  which  is  shown  going  through  the 
tunnel  wall,  rotated  the  pulley  which  simultaneously  loaded  the  spring, 
withdrew  the  nibbing  surfaces,  and  engaged  a holding  bar  with  the  electro- 
magnet o The  system  was  released  or  actuated  by  breaking  the  circuit  which 
included  the  electromagnet 0 

A somewhat  similar  method  was  employed  for  configurations  involving 
the  stabilizer  equivalent  weights 0 The  rubbing  surface  was  applied  in 
a horizontal  plane  to  the  top  surface  of  the  weights 0 This  configuration 
can  be  seen  in  Figure  11-21 a 


Model  Support  Structure 


The  model  was  supported  from  the  tunnel  wall  by  a framework  made 
up  of  eight  struts*  The  struts  were  %02$  in„  X 2*50  inD,  12 -gage  stream- 
line tubing  which  was  formed  on  a press  brake  from  SAE  1020  steel  sheet 0 
The  assembled  structure  can  be  seen  in  Figures  11-18  and  11-21* 
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Fig„  II-18  Model  and  Safety  System,  Stabilizer  at  Fin  Tip 


'.9 


11=21  Model  and  Safety  System  for  Stabilizer 
Equivalent  Weights  Configurations 


APPENDIX  III 

, DERTVAttON  OF  DETERMINANT  ELEMENTS 

X o GENERAL 

The  following  positive  directions  have  been-  assumeds 


Kin  torsion  & 


rudder  rotation 


U 


Stabilizer  translation 


Down 


Fin  bending 


Stabilizer  rockii 


Looking  Upstream 


The  various  degrees  of  freedom  are  described  by  the  following  generalized  eoordi 
nates § 

qx  ==  fin  bending  along  the  elastic  axis 
qg  ==  fin  torsion  about  the  elastic  axis 
— stabilizer  rooking 
q^  fuselage  side  bending 
»=  fuselage  torsion 
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Fig0  111=1  Fin  and  Stabilizer  Nomenclature 
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2„  AERODYNAMIC  PARTS 8 

(a)  Pin  Bending  and  Torsion 

Considering  first  the  aerodynamic  terms  for  fin  bending  and  fin  torsion  and 


referring  to  Figure 

III-l 

W*  ;F  = 

(Bp  Hv+f  Lk  + BFocF  L« ) TTpaj2 

(jfH= 

(Bp  Hy+  F Mh  + B?oc F M*  > ir  p oj  z 

(1  a-d) 

11 

£ 

(B*  Hc4s  Lh+B53a5Ljirpaj2 

an- 

( Bs3  hc4sMh  + BsOC5Met)irpaj2 

The  bending  deflection  at  Pp  * h and  the  torsional  deflection  at  Pp  * 
§2  o The  components  of  stabilizer  motion  due  to  fin  motion  will  be: 

Stabilizer  yaw  ~ C05_/Lf  + SiflAp 

Stabilizer  roll  = “^SinAp  + d^^COS  AF  (2  a-b) 

If 

V-  ~yLCl2  5inAF+(f^)Lco5AFc|t  (3) 

the  vertical  deflection  of  the  stabilizer  due  to  roll  at  Pg  is 


TSSC05AS 

and  the  torsional  deflection  of  the  stabilizer  due  to  roll  at  Ps  is 


~T  sinAs 


or9 


vertical  deflection  at  F5  — cosAp 

- q2  yL  5scosAs5/nAF  a) 
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torsional  deflection  at  F$  = q2  y^sinApSinAs  ~q,(^)LC  OsAp  5 Ih  As  (it  b) 


Since  BcosA^=  b 


(hc/4)Fr  q, h ~ Bf  C^a.)c{zrcosAF 

(«<*),=  ^ q»(H)5inJLF  +q2  ycosJlf 

{hc/Js~  q.(-f5'F)Lssco5J.s£:o5-4F”qi»'LssCCk5^isSinAF  {$  a-d) 

~Bs(^+a)cosAs[q2y|.sinAp5inAs-q,(||^cosAF5inAj 


(a«/4)s=  [cj,  )lc  os  As  cos  A r - qz  yl  s ) n AF  c os  A s]  sinAs 

+ [q2  y^nApSinAs  -ql(^F)Lco.s.AF,smA_s]cos-AJ 


* O 


Thus  (°C-c/f.)s  is  zero  as  would  be  expected  since  ~[j/'  has  no  component  perpen- 
dicular to  the  stabilizer  center  line.  It  should  be  noted  that  wan  for  the 
stabilizer  is  measured  from  the  pseudoelastic  axis  on  the  stabilizer  which  is 
parallel  to  the  stabilizer  quarter  chord  line  and  passes  through  the  fin  elastic 
axis  trace. 


By  rewriting 


0v4)s=  q,  {(^)Lcos  AF  [ss  co  s A5  + Bs  (Jfc+a)  cosA*  s i nA5]  ] 
-qz|VLsjnAF  [ss  cojAs  + BS ('*  +0l)cosAs  sinAs]| 


and  letting 


(6) 


fB%)5  = sscosAs  4 B sC/z+a-)cosAs  sinAs  (7) 


which  is  the  perpendicular  distance  from  the  stabilizer  center  line  to  the  point Q 3 


ftnri  = irp1U*{o|,[eF2hLl)+BF^)5inAF  L.] 

f-  B*f%+  a.)rcosAF  Lh  + 8F icosAf  L jJ 

'rpw*{q,[BF*HMk  + BF4(|^)5injtFM.] 

+ q*£-BF  (l/z+a.)rcosJLfMil+B*ircosJ.F  M jJ  (6 

(^nP)s=  Trouj'^B'  [q,  (■^■F)LcosAF(B'Xy)s-£j2ylsin^F/Bar)5]Li 
+ Bi(0)L«j 

= ire<u"{q,[B/  (Btyls^XcosA,,  4] 

- qz[pl'  (Bfly)s  yLsin-4F  Lh] 

(^*al'1re“'I{B’[£liS^)l.cos-/'-F(B5'r)i-9ii>'i.sinAF(B%)5]Mh] 

= {q,  [ef  (ffAeosA^Bsyi  M|J-  q2|6f  ytsinAF  (B*r)s  Mh]| 


(8  a-d' 


The  virtual  work  can  be  expressed  as: 

{LFcos.AF  L fCOsAf 

fb(^f)fdx  + AnArj  (fe)(4rH 

0 I A “o 

f Sa.$  COSSLi  ~ 

+ cosAF  J (B  ?y)5  d* } 

=Lscos-As  J 

LfCOsAp 


)p  d.* 


(9  a~b) 


Lfcoj.Af 


aLfCD5.a.F  uFuu*/i.F 

“ BF(l4.+a.)xcasAp  (^r)F cU+  cos^FJy (-^n)F  aU 

- fLsC05jls 

J jrL  (*Zir)sdx  | 

-LjCosXs  J 

Substituting  the  lift  and  moment  expressions  into  the  virtual  work  equations 
and  rearranging. 
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Q(i  = |^-  = irpcu2cji  [j[  [8p  h*  L|,  + Bp  (j<£)  hsin-/\.F(LK+Mh) 

sin  VLpMjdx 

+ f Bs2(B«v)s  (|^)LcoslA.f  UdJf] 

'HjCOsA, 

(if  hrcosAp  {L0C-f^.-f-a<)Lt>} 

+ Bp  (fe)  rcosAf  5in7lr  {Mp-ft+alMtj]  d* 
- f&i  (Bly)*  (|^)Lcos7lF  KLs\nAr  Lh  d'Jf] 

i _ - . A 


(10  a~b) 


o 

Wy”  Sq2 


LpCOS-A-F 


* irpu^cj,  [BphircosApfMj,- 

+ Bp  (^) looses inA-plH*- (^+a.)U}]d.^ 

rLsCosAs  . 1 

-/  B?  (B*r)s  (&)Lc03-AFYL5inAF  Lhdi  I 

X.LscasA5  J 

+irptu2c|2  ^ f Bp  co5MFara[M0C-fea)fL8C+Mjl)+fttA)  L^(b 

fiscosAs  "> 

+J  B*(B *y)l  rfsin*^  F Lhd%j 
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Stabilizer  Hocking 

If  the  stabilizer  rocking  degree  of  freedom  is  added: 


Vertical  deflection  at  -£J,(fs^)L^s  COS  As  OOsAF  ~qzyL53C05.A5$]n_AF 

+ CJ3T'3sc05Jlj  (11  a-b) 

Torsional  deflection  at  Ps  - cj1rLsinAFsinJ.s-cil(jl£)LcosJ.F  sinAs 

-q3  YsinAs 

(h%)ss  q,  (^)j.5scosJ.3  cosAf  - ci^SsCosAtZinAf+^YssCOsAs 
- Bs  (h.+<i)cosAs  [q^sirUpS inX* ~q, (ff^cosJlF s irU* -o^sinA^] 
= q,  (fe)LcosAF[sscosAs+  Bs(^+a.)cosA55ii'LAs] 

-q2rLs'm  AF[ssco5As4-Bs(^+<i)cosA5sir?-/Lj  (12  a~b 

+q3  T fe  cos  As  + Bs  (V>a  a)c  os  A s 5 i oA  s] 

= [q,  Qhl0051  f ~ q*  *lsmaf +q3r](  B%r)s 


Zr)s~irpwz  {q,[Bs2(B *r),  (j^\cosAF  Uj-q*^  (B^rjsyLsin^LK] 

+ ^[Bs"(B^ylTi|,]}  (13  a-b) 

dH^pai*  (<Ji  [Bs3  (B*T)S  {^easA,  Mh]-t|2[Bs3(B5(y)s!lslnA,Mi,] 
+ q3  [Bs3(Bi»y)s  VMk]} 
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The  virtual  work  expression  in  the  degree  of  freedom  becomes 

LjCOsJlj 


S f(B*rhT(%f)sd* 

J-L  .cosjL 


(Hi) 


and  S remain  as  before  except  for  the  additional  tem  due  to  the  lift 
and  moment  on  the  stabilizer  caused  by  the  additional  degree  of  freedom. 


For  the  extra  term  is: 


is  cos Ai 


Qh=  = CQ371fJ 

-q3rpw*cosAF J BSZ(B xr)* (f^\YLhdx 

-LscosAs 

For  & Wythe  extra  tem  is  s 

LscosAs 

=~5in7lJ 

' *'~lsC05As  . 

/L$  c Os  A s 

B*  yLTLhd.^ 

-Ltco37L,s 


and 


(15  a-c) 


LscosAi 

<?T=  sff  = VpWl { q,  (j^-)1c05.AFy’Lll] 

' -'-Li  cos  As 

" Cjz.  lBHB  5 i n vlf  Y Lj 

+ q3[B,i(B*r)»  V'UjjeU 
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\;)  Fuselage  Side  Bending 


Adding  the  fuselage  side  bending  degree  of  freedom, 

Bending  deflection  at  Pf=  cj,h  +CJ4,(|)(Vg  + SpSin-Ap) 


Torsional  deflection  at 


Pf  ~ q2y  +q4  <p  cosAf 


Vertical  and  torsional  deflection  at  Ps  remain  as  before „ 


(1,6  a=b ) 


+q4^f^+'SP5inAp)”Bp(^+cL/)co5JiF  +cjA</)cosAF) 

(17  a-fe) 

(0Cc4)f=  = ||p[q,h4^(V^+SpSir)J-F)]s/njlF  + (<far  +c^fcosAr)cosAF 
~ % ('£??)  Jin^r  + <Ji y cosAf  + ^<j> 


(hc4)s  and  (Q£./^'y  remain  as  before,, 

(rf)  f~  7rpaj2( B*[q,h  +Cf4^(^+sF5in7LF)-  BF^taja)iAF(q2ir+^cas^|4 


* 8f  h.  +q*ycosAF  +q4f]  L*] 

= irew*  { q,  [b? M-h  + B£  (|^)  s i n -AF  L *] 

r 7 .1  . -i  (16  a-b  ) 

tq2[*“BF  M+ajrcos-Ap  l),  + BF  y cosJLf  Lk  | 

“ v 

+ *[BrV(V  sF  s in.  AF)  L h - Bp  (f)  i^a)c05%  U f BF  <j>  L j] 
filri  ~ { B *[q,h  +c^0(YR+sFs in/F)*Bp(t+a-)cosAF(q1y+^co5AFjMh 


+ B F [q  I (H; '}  s ( n A F - 1-  q t y c 0 s 7l  F + q 4 M oc  ] 

=1^*  (q,  [Bf  h Mh  + BF  (jjfc)  5 i n -A  F M J 

+qz[~  B*  f^+a)y  cosJ.F  Mk  + B*  yco^7lF  M*] 

fq4[BF0(^+5F5in^F)Mh-BFV(^a;c<75ilFMil+Br^M8f]j 
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S Wy  will  remain  as  before*  and  S\/ty will  remain  as  before  except  for  the 

additional  terms  due  to  the  lift  and  moment  on  the  fin  produced  by  the  degree 
of  freedom* 

For  ^K^the  extra  terms  are: 

d.K 

ULfcosAF  . 

[B*  h0  (\+  5F5inAF)Lh-BF hfMcostApL^  BFbpU]d% 

LpeosJLf 

+sinAFf  [Bp^(jfF)(YRi-5FsinAF)Mi,~^(ffF)(k-i-^)co5tAFM^ 


+ BFM^)MjcU 


.Lpcosip 


= cjArpcuzJ°  ^BF2'h^f^+5FsinJ.F)U+BF3h^[l-cC-(^+d.)co5z^lFLj 

+ Bp  <fl($s^)(Yf>+  sF  sinAF)sinJLF Mr,  (19  a) 

+ (^)s  in7lF  [M^  - (ii+^cos  AF  M J]  d* 


For  <5* l/Athe  extra  terms  are: 

Lfco.5.Af  r 

Qy  = 1 |f =/~  ^)xc05^iFpa^)F  dtf  + cosAp 

,Lp  co-sAp 


>Fd?( 


= q4rpaJ2{£[-Bp  xp  (i+aXY*+sFsinAF)co5AF  U 

+B*  xp&+Afcos?AFLh-  Bp *$(&&■) 005 Ar  L^Jd* 

-LrCosAr 

+ cosAFj  [B?  y^  0£+  5f  s inAF  )Mh  - BF  y? te+aJcosiAr  Mi, 

+ BFy^Moe]cL^  d?b) 

-Lfco5Af 

=cj4rf^co5AlF j [Bp^Oi+SpsinAp^MH-Ci+^LH] 

+ BF^[{M«dW)Le<} 

— { a)cos^iAf  {Mij- jj'j 
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The  virtual  work  in  the  degree  of  freedom  can  be  expressed  as: 

LfCosAf  , . 

= fy4  [ f <p[(YK+sPs\nAr)-BF (4+  ajcos M F] (37^ )F 

0 -LFco5VlF 

+ f <t>  (*&%  d* 


(20) 


Substituting  the  lift  and  moment  expressions  and  combining  terns: 

LfCOsAf 

(fy=  f^=cj,irpcol£  {Bf2  hp  (YK+sF5in^lF)  Lh 

+ bf  (l^r)^('yR+sF  sinAP)s/n^.r  L« 

+ BF  [M(,— ^+fli)c^sMpLf,J 

+ BF4 1 (j^)5inAF  [Moc-^+^costyLpt jjd^(  (21) 
LfCOsAp 

+ ^irpu/WAy  [BFJ^(^+sP5/nAF)  [L^-Ct+aJLi,] 

+ # ft+ A)Mfc]  - AF  [L*  ~(W)L  jjj  d-7 

^■Lp  cosAp  g 

+q+7rp(ju1j  { B?  0*(YR+srsinAF)  Lh 

+ Bp  ^ z (^  + sF  5l  nA  F)  [(L  o,  + MJ -2  ^ + a)  co  sAF  L J 
-i-  B4^2[M0C-&+a)co5  f/lp  (L't+Mk) +(i+ajcosyiF  ijj  da 
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(d)  Fuselage  Torsion 

Considering  finally  the  fuselage  torsion  degree  of  freedom  and  ignoring  the 

stabilizer  rocking  degree  of  freedom  since  none  of  the  analyses  involved  simul- 
taneously stabilizer  rocking  and  fuselage  torsion: 

Bending  deflection  at  fp=  Sp5in_Ap)  + ^50(X[?+5pCOS_A.p) 

Torsional  deflection  at  PF  = Cf2Y  +Cj^<f>COSAf  ~ CJS&  5 I fl_Ap  (22  a-d) 

Vertical  deflection  at  ^S  = <^i(”^s — Cji^3iH^-p5sCO>5-/is 

+Cje&  Ss  C05J.S 

Torsional  deflection  at  F^  = 2^  5 l7)-ApS  id-4,  s — q,  ^ 

- qsesiriAs 

(hH)F=q,h^(yR-f5rSmAF)+qs0{^^cosAF) 

-BP(i+a.)cosAF(qty-bq4.t/>cosAr-cjs.&sinyiF) 

(k%)f-  ^ C^R+SpSi n_4.p) + <^5- © 0(|5 -i- 5Fc;0S-A F )]  siii Tip 

+q]LycosAF +q4$cos*AF  -qs9  slnAFcosAF 

= q, (ib)S'mJ-F  +qi*COsJ-r  +Cjt^  (23  a-d) 

(h^)s=  q,(j^F)LcosAF5scosA5  -qiyLslnAf:SsCosAs+cis.0sscO5Ar 
- Bs  (k+*-)cos  As  {cja.  yL5inArs  inAs  - q,  ff^XcosAr  s \ nAs 
-q,esiJiAs] 

Wj2  0 
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The  lift  and  moment  expressions  become: 


+ BP  ($*r)sin-AF  L«] 

+q2[Bp  rcosAF  {L*-  ft+oJU}] 

+<j4[BpZ^(yi+5F5lriAp)LK  t B (!i-nx.)cosUFLi]\ 

+ qff[Bp  e (X^+5pCosAF)Lh  f BF(J£+a.)es  i nAF  cosAF  U]j 

(^)F=lr()fl,Z{cl.  W ^Mfc  + Bj^JainApMoc] 

+Cj2[Bp^C05jiF  {Mot 

+cj4[Bf3^  fli+  s F 5 i n^l  F)ylh  + BF<f>  { M * - & + a)costAF  Mk]] 
-KjsfB^CXR+SpCOijlpjMj,  + Bp  (4+a)©5  ihAF  cosAF  Mi]J 

( 2k  a-d) 

(4^)s=n'ea,l{t?1  b/  (^r)tC0S7LF(B9ir)3  4 
-qiBsz  yL  s ihJlp  (Bo(y)5  Lh 
+ qeBs0(Bxr)sLh} 

if?1 “1{c)l  B53(|!;)Lcos.AF(B*r)s  Mk 
-qz.BlirtsiftJ.F(B»r)JMk 
+q5Bs3e(B'jiy)!Mh] 
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Substituting  the  lift  and  moment  expressions  into  the  virtual  work  equations 
and  rearranging,  the  following  additional  terms  are  obtained  by  virtue  of  the 
degree  of  freedom: 

For  SWfa  the  extra  terms  are: 

. LfCOsXf 

hsftR+sFc05lF)Lh+  B?(k+<L)he5inAFcosAF  Lh 


+ Bp  (XK+  Sf,co5AF)  s inAF 


+ (k+^)(i7^j  Q ^ i y^AF  cos  AF  Mfc]  dpi 

/LjcesJLi  ^ 

Bs  (^)LCOsAFeCB'Xyr)sUd/)(\ 

-is  cos  As  J 

For<£)Vjfthe  extra  terms  are: 

4 cos A r 

Qy=f^=  JJr  Bp  (vt + (Xr+ s FcosAF)rcosA  f Lk 


-B*(%+a.fes)nAr  HcoiAF  [j,+  B* ©$*•+  sFco5iF)ycos  F Mh 


+ Bp  (^+n)0sinAFycosxAF  Mj,]  cL^ 

— I Bs  sin_4.p  oL^f  j 

■'“•LsCOiA.j  J 

For  4*l/V^>the  extra  terms  are: 

r LFeosAp 

Q*=  j[Bre  (X'+sfco5AF)0(YK-+srsinAr)  Lh 


(2$  a-c) 


+ BF  (^L+cu)e  s wAp  <f>  cosAf  (Yr+sfs  mJ 4)  L j, 
“B^3 C^+rt.) 6 (XR+5pC05-Ap  )<f)  cos*AF  Lh 
”Bp+  (k+dfesimAf  flcosiA p 4 
+ BF  0©  (XR+5pC0sJlF ) Mh 
+ B?  ft + cl  ) <f  e s / 0JL  p Mh]  d-xj 
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The  virtual  work  in  the  degree  of  freedom  can  be  expressed  as: 

ULF  cos  Xf 

e[(XR+sFco5AF)+  Bf  C'z  -J-cOsinApCosAp  m d* 


l,} 

-^■LsCosAi  J 


(26) 


Substituting  the  lift  expressions  and  combining  terms 

.LpCOsA-r 


[Bf  he(XK+sFcosAF)L^ + BF  (^)s  in  ApsOk+vcos  A)  L* 
+ Bp  (i+a)he  sinArcosAF  Lh+  BF  ({  +aX$^)esinMpCosAL|£& 

/L5  C*0&jh  s > 

B/(&\coxA,e(B*fr)* Lh  | 

-ijCCSjls  J 

r rLfCOilf 

+tf>u>tcjz | J [Bp  yco5Ap©(XR+SpCosAp){U-(W<)Lh} 

+ 5r  (4,+a)esmAp  jrcosAp  {L^- (>z+a)Lh}]  ch 

L * c OiA  1 "j 

+■ J-BslocLs)nAFe(B<xr)sUd'X  l 

-'-LscosA5  t J 

fUcosjtr 

[ BF2e()rift5FcdsiF  sFsinAF)  Lh 
+ BF3  (XR+3Fc0sAF  )[U  - &+a-)cos  Af  L J (27) 

+B^  ©^(^+Sp3lrUF)ft+(t)5inApCosAp  Lj, 

+ & + a)  s in  A F c os  AF  [L*  - (4  +<x)casMF  U]J  d* 

ULfcos^f 

[Bj©2CXR+sFcosAPfLh 

+ 2BF  (k.+a.)ez  (XK+  sF  cosAp  )s in  AF  c o^A  F Lj, 

+ Bf  in  Af  cosAp  Ljd* 


Mechanical  Parts;; 


The  maximum  kinetic  energy  of  the  system  can  be  expressed  in  parts  in 
the  following  manner: 

(a)  Fuselage 

<»> 


(b)  Fin 

Since  the  normal  velocity  of  any  point  on  the  fin 


= hq,  + rF  YCjt  +<f>(YR+sFs]nAF+rF  cosAF)cj^+o(X1^sFcosXt,~KFs]nAf)qs  <2 


W I [hb+t*fy+p(li+sr£inAF+rFcojAF)d+ 

*/o  -\or 

+0  (XR  +sFco5Ar  - rF5inAF  )cjJjardrF  dsf 

Where  0~  * mass  per  unit  area 


(30) 


(c)  Stabilizer 


Yawing  angular  velocity  = (j^sm-Apci,  + ylcosAfcjz  + 

Rolling  angular  velocity  ss($s7)i.c05'iFii-*LsiriAFqz  + V<j3+oqs  (31  a-c) 
Translational  velocity  = hLcj|  + d^)Lsinjirr^  + rLcosAFrqz 

+MY*+'r)q++eXt  qs 
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(32) 


= k ImWs  [('^-)LsinJ.,q,  q*+^<j+] 

z 

+k  I«.»5  [( SsTicosA,  £),-«.  Sin  Arfy  + y<j,  + ecfsj 
+i  Ms  [ht(j,  + (ijH.sirUprq,  + YLcosAf  rc^  + <j>{Yt+r) 
+eXt<jJ 


The  total  kinetic  energy  is 

T=-W.+T+  ts 


(33) 


The  mass  and  inertia  terms  are 


obtained  from 
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li„  Determinant  Elements 

By  expanding  the  expression  for  the  total  kinetic  energy  and  applying 
the  Lagrange  equation  to  the  energy  expressions  the  determinant  elements 
below  are  obtained* 

It  should  be  noted  that  the  following  substitutions  have  been  made: 


% =(^“5^ 

H’  = (&) 

*LcasJ_,r 

%=  (T^lsinAF 

n^&fo+jgi) 


Tr  = WMsr2 

I5x=Iws  + Ms(V,t+r) 

I4t=*IR+  Ms  X* 


Integrating  along  ds  and  multiplying  by  cos  A is  in  effect  integrating 
along  dX 

Thus 

LcosJi  L 

j fC^dy.  = cosJlj  f(s)cU 
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DETERMINANT s 


Fin  Bending  (h)  vs.  Fin  Torsion  ( jf  ) vs.  Stabilizer 
Rocking  O^)  vs.  Fuselage  Side  Bending  (<p) 
vs.  Fuselage  Torsion  {&) 


h 

t 

y 

<9 

Dn 

D12 

D13 

Di5 

r 

D21 

D22 

D23 

% 

% 

y 

D31 

D32 

D33 

D3h 

D35 

4> 

DU1 

, Di*2 

Di,3 

\h 

^5 

0 

%i 

%2 

%3 

“SU 

l 

- h - Fin  Bending 

2 

- ^ - Fin  Torsion 

3 -Y  - Stabilizer  Rocking 
U - (P  - Fuselage  Side  Bending 
5 - O-  Fuselage  Torsion 
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DETEailNANT  ELEMENTS  J 


D„  * (\  “A)[j^  + Iy + IR  Th  + Ms  hL  + Z Sys  HLTth 

Lp  A £ 

+ -rr  p cosAF  J[bI  h2  Lh  + Bp  h h*  sin AF  ('Loc+M*l)+  BF  jisinj^MjcUp 
° rl*  t t 

+2.Tr{co3A.sYh2  Jo  Bs  (B%)s  L*,  dss 


0,2,  = J Sghx dSp  + Ty  y[g  +■  ^ITS  ^ y 

+•  TrpcoslAFf  {Bp  hy[ L«r -C*  + a) L J +B* hv 5 m Ap|Kr( ^ +<t)Mh]|c[sF 
-2vpcosAsrk %f  *B*  (Bxy)*  Lh  dss 

D|3  * iRvrh  + 2irecosAsrrJLBs(B?-yr)\Lhdss 

Jo 


D,4s  f [mh^Vij  + nili^Sp^inAp  + 5*  h^cosA^dsp 

o 

+ jZf  Clyaw  <yt+rlnh  + Ms  ft  (\i+r)hL 

Lp 

irpcos  AFJ  ^Bph^(yR+sFsinAF)Lh  + Bp^[Lcr^+^)cos!AFLj 

3 I 

+ BFh  ^ (YJ? +sF  sin  AF)  sin  AF 

+ Bp(r!0sinAF[Moc-C^+^)cos2AFMh]JcisF 
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DETERMINANT  ELEMENTS  (coat'd,) 


Dl5  * f [mh0XR  + mhesF  cosAF-5yhd5inA^|d.sF+IRe]^+MseXtliL+5jrs©Xt7j1 

° r*~f  3 

+TrpcosAFj  [BpJie(XR  + 5Fco6AF)Lh+BFh©(,d+&)sinAFc<^.A,!Ljl 

+BFh'e  (Xr  + 5fcosAf)  sin  AfMh 

t B?  h’©  (fa*  CL)sin*AFGosJ\-F  Mfc]dsF 
rLs  & * 

+2tr(5cosAsK^/  Bs  (&*r)s  4 dss 

rL* 

DZ(  = I 5*h?dsF  + Ir^t  K + ^ys  k./)2#' 

L 

+ 7TpC05aAr  {B; hy[Ml-('^.+a.)L^-^liir5inAF[M.-()4+a)Lot]J  dsF 

-ZKPcoiA^rJ 

d«  = ( i -n2)[  jfi,  *2<^ + iYn*  + 1„  r/] 

+irpcoslA.Fjf  (*z  + a)fL+Mh)  + fata.)2 L^dsF 

+ZtrpcosAiTrf  Lhdss 

D23  = -IrT'VS-  - £ir p cosVU r B* (B*y)* Lh cU5 
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DETEBUINANT  ELEMENTS  (contrd„) 


D24  = J [<5y  r$YR+  5r  +I^^co57V^dsf +^[1^+5^  OJ-rr)]^ 

+'trpco$tJ lf  J {Bf  *</> (YR+sFs\n/LF)[Mh~(l4i-a) L J 

+ BF  " C4+a)co5^F{Mh-(V«)Lj1}]|dsF 

Day3  jf  [SJ>reXR+5Fy©JFccxs^.F-Iy)resinjl^d5F-IRi9‘^+5>5eXt^y 
+ irecoszAfJ  jBpyefXR+SFCOiAfjfM^-  (k 

-/o 

+Bf  ^ (k+ateiiiJ Lf  C05AF[MK-(i+cu)Lj]  <AsF 
_u  t 

- 2 irpcosA*  l^ef B* ( B*f)s  Lj,  dss 
D3,=  IRTTt  + £irpcos  A r%f'BUz*ri  U<iss  = d13 

D32=  -IRVr,-2irecoijtsr^r  kfixrXLhdSs-DK 

fLs  2 

D„=  (l-n3)IKr‘+Zv(>c0sJLsrlJ  B?(Bzr)sLkcLss 


ua 
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DETERMINANT  ELMENTS  (cont‘d„) 

O4.1  = f [m h jYR  + mhtfsFs\r\ AF  +5yhfl cosAF] dsF 

+(*>[ly«  + 5«(Vi+r)]%  + Msjj(Yt+r)hL 

+irpcosAF  r h 0 (YR+sfsirAF)Lfc+Bp h^jH,*f^+^)cos A 
•^0 

+ BF  (YR+sFsinAF)sinAF  Loe 
+ B^hV«si  n A F [M  k - ( W +a.)c  os  2A  F L «*  ]}<t5F 

D42  = jf  [5* ar^Y*  + ^sFsinAF4-Jyy^co5A^|dsr 
+ ^[ly<tw  + (rt  + r)]n,T 

+ tfpcos!AFJ  (be*? (YK+sFsmAf)[LK  - (K+*-) 

+ Bp  (W)MJ  - (!j+ii)cosiiF{U-ft+a)4,|jd.iF 

D43  = 0 = d34 
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D44  = ( i ~fl  4 sinAF  + 2m  sF  smAf  + 2 5*  p%cosA  F 

+2  5*  <pzsF  s i nAF  cos  A^jd.  sF  + pzcoslJLF  IF  + j>zY^  MF 
+ + 'rr^cosApj^  z(YK+sFsinAF ) Lh 

+ Bp^2^+sFsmAF)[(Mh+U)-2fe+<t)c(?5!/lrLh] 

+ Bp  ^[M*"  ft  +a)co5jlF{(Mh+U)-  (V^Jcflstt^JdSp 


fL* 

D4 s~ j [VnsF ^d(^RCo«3-Ap  +X%sinAF) +msF <j>Q sinAFcosJLF 

+ Syfl0(XftCosAF~\fcSinAF)  + 5^5  Ffl&  (cos  - 5 / )]  dsp 

+ ©Xg  Mj;  + M5  — f&sinAp  cosAF  IF 

rLfr  2 

+ TpcosAFJ  {BFe(XK+sFcosAF)?(YR+sF'SinAF)Lh 

~*o 

+ Bp^0^+5F5in7LF)©ft  +aj5in-/lrco3-4.p  U 
+ BF0e(XR-h  sPco5JlF)[MK-C,/z+a.)co52_AFL|l] 
t Bf^© (^+a)sinAFc0sAF[Mll- ft+&)c(?s!AF  4]jcUF 
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DETERMINANT  ELEMENTS  (cont'd.) 

A* 


D5;=  J |mlieXR+mhfi>sFco5jLF-5yhesinjlF]dl5F-»-IK©'^+Ms5Xthl+5r5eXti?), 

I F 

+lrpco$AF  J [bf  h©('XR-psFcos7lF)LH  +B^ he (^+^)sinAFco5AF Lh 

A o 

+ Bp  he  (XK+  sFcosAF)sinAF  L*  +BFh,©(4+a)s/n!AFCQsAFL^](i^r 

+ £ ?rpco5As  %ef  B/  ( d'Xyfs  L h ds5 

■'o 

D52=  Jo  [3yi'eXR+5^mfco5JlF-Xyyssir)A^d5F-IRo'^+5yseXi^ 

+ 'trpcosl/ipf  [bf  y0(XK+5FcosjiF)[Loc-  (^+a)L  J 

4-Bf  y©ft+flj5inj\FcosjlF[LOC“ (^+a)Lj |clsF 

,LS 

“ZTrpcosAs^ef  Bsz(B%y)*  L^ots* 

Jo 

f Lfr 

D54=  J Lm5F^e(^KCosAF  + XRsinJ.F)+rn5p^esifiJLFco5AF 

Jo 

+ 5>0e(XKcos^F-^sin.AF)+  5y  5F^©(co52jL,r-smVLpj]  dsF 
+ ^YReXRMF+  ^(\t+r)©XtMs-^©5inJlFcos-AF  IF 

yLF, 

+ rpcosApl  [Bf  e(XR+5FcosAF)^  (%+.sFsirM.F)Lh 
+ BF  <t>e  (Yr  + sF5in-4.F)fe+a)5  inAFcosAFLh 
+ Bf0©  fXK+5Fc(55ylF)[LK-  (k+a)coszJLp  Lh] 

+ Bf  <j>  © ( k + oJ)  5 i M.F  c os  Af  [L  * - (*/L+ a ) cos  ZAF  Li,]j  dsF 


WADC  TR  52-162 


DETERMINANT  ELEMENTS  (cont*d0) 


[m^SpCOsfAp  +2mQ2XRsFcosAF~25fe* X*vsin_AF 
-£ 5r e*sF  5 i n -/LFcos  dsF  + Ier  ©i+  e2X*  MF+ez5  inMP  IF 

+ s'  Isr  J + ir^c  05 Af  f [6p  e*  (XK+  sF  co5Ar)z  Lh 
+ Z BFJe*(XR+sFcosAF)(&+a)5inAFcosAF  LK 
+ Bp©2(Ji+a)25in2AFcos2Ap  Lh]cL5f 
+ Zir£cosAj£  B*(B*r)s  Udss 
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